Figure 1 T2-weighted magnetic resonance imaging showing a
deep soft-tissue mass.

tion, 1:30), muscle-specific actin (clone HHF-35, Enzo Bio-
chem, Farmingdale, NY, USA, 1:50), glial fibrillary acidic
protein (GFAP; clone GA5, Novocastra, Newcastle upon
Tyne, UK, 1:100}, low-molecular-weight cytokeratin (clone
CAMAB.2, Becton Dickinvson, Franklin Lakes, NJ, USA,
1:2), high-molecular-weight cytokeratin  (HMWCK; clone
34betaE12, DakoCytomation, 1:40), epithelial membrane
antigen (EMA,; clone GP1.4, Novocastra, 1:100), 5-100 pro-
tein (polyclonal, DakoCytomation, 1:400), and Ki-67 antigen
(clone MIB-1, DakoCytomation, 1:40).

Tumor cells were diffuse and strongly positive for $-100
protein (Fig. 3a). In addition, EMA and low-molecular-weight
cytokeratin showed distinct positivity in most tumor cells
(Fig. 3b,c). In contrast, only focal, weak staining was
observed for SMA and vimentin, and no cells were positive
for desmin, muscle actin, GFAP, and HMWCK. The Ki-67
proliferating cell marker showed wide range positivity in the
tumer, from <1% to 10%. Lung biopsy specimens obtained
6 months later showed essentially the same morpholagical
and immunohistochemical findings as the primary tumor.

Electronmicroscopic examination using a sample retrieved
from the formalin-fixed tissue (primary tumor) revealed inter-
cellular desmosome-like junctions and basal laminae (Fig. 4).
Taking all these findings into consideration, we finally diag-
nosed a primary malignant myoepithelioma (myoepithelial
carcinoma) of the soft tissue.

DISCUSSION

Myoepithelial tumors of the soft tissue are very rare,”™ and
are considered to be morphologically the same spectrum as
their skin® and salivary gland® counterparts. Their incidence
is not accurately known because of their rarity, and the ditf-
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ference, if any, between the sexes is also obscure. In the
limited number of studies available, the patients’ average age
was 35 years, with a significant number being children under
10 years old." The commonest sites for the tumors are the
subcutaneous or deep subfascial soft tissues of the extrem-
ities. However, the head and neck and the trunk region are
also possible locations for primary sites.™

Although most myoepithelial tumors follow a benign clinical
course, malighant cases do exist. Such cases (malignant
myoepithelial tumors) are extremely rare; indeed, only a
small humber have ever been reported®” It is quite difficult
to predict the biological behavior of myoepithelial tumors. In
2003, Hornick and Fletcher reported a farge-scale study of
myoepithelial tumors of the soft tissue. They reported that
the cytologically malignant tumors seemed to have a ten-
dency to behave aggressively because approximately one-
third of cytologically malignant cases metastasized in their
series, whereas none of the 33 cases diagnosed as cytolog-
ically benign did. In the present case, many tumor cells at
the primary site showed obvious cellular atypia with some
mitoses, and the tumor later metastasized. These findings
and course are consistent with their data. Although the pre-
cise criteria for malignancy remain unclear, cytologically
malignant cases might have to be radically treated.

For the purposes of differential diagnosis, myoepithelial
tumors of the soft tissue need to be considered along with
metastatic carcinoma, mixed tumors of the skin, para-
chordoma, extraskeletal myxoid chondrosarcoma, myxoid
leiomyosarcoma, epithelicid sarcoma, and nerve sheath
myxoma.*®

Of these, metastatic carcinomas are easily excluded in the
present case because of its long clinical history and the
patient's age. Mixed tumors of the skin (cutaneous mixed
tumors) are histologically identical to myoepithelial tumors of
the soft tissue, with the location of the tumor being the key
to distinguishing between them.

Parachordomas are important candidates for differential
diagnosis. They are very rare, soft-tissue tumors of unknown
lineage, usually arising in deep soft tissue, characteristics
that imply a similarity to chordoma as a definition.” They are
slowly growing tumors, occasionally with late recurrence, and
exhibit a variety of histological patterns and cytological fea-
tures. In recent years, however, they have come to be con-
sidered as identical to myoepithelial tumors of soft tissue
because of their close resemblance (as revealed by ultra-
structural and immunohistochemical analyses) in such fea-
tures as a constant, strong S-100 protein expression and the
existence of primitive cell junctions and basal laminae.'®

Extraskeletal myxoid chondrosarcomas (EMC), which
commonly arise in the extremities, are also important candi-
dates for differential diagnosis because their histological fea-
tures are very similar to those of myoepithelial tumors
in some cases.”” However, EMC differ frem myoepithelial
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Figure 2 Histology of the tumor. it exhibited (a) a lobular growih patiern with (b) a widely infiltrative zone. (¢,d) Both epithelioid and spindle
cells were observed. (e f) In high-power view, vascular invasion and small foci of necrosis were observed.

Figure 3 Immunohistochemical analysis of (a) S-100 protein, (b) low-molecular-weight cytokeratin, and (c) epithelial membrane antigen.

Myoepithelial nature is evident.

tumors of soft tissue immunochistochemically. Vimentin is the
only marker consistently expressed in EMC. Although 5-100
protein, cytokeratin, and EMA are focally positive in some
cases, their positivity is fimited to a minority of tumor cells."”
Ultrastructural examination might also help to distinguish
EMC from myoepithelial tumors by revealing the lack of epi-
thelial characters in EMC. Further, a recent genetic study has
revealed characteristic fusion transcripts generated by chro-
mosomal aberrations in EMC, including EWS/NR4A3 with
1(9:22)(q22:q12) and RBP56/NR4A3 with 1(9;17)(g22;q11).
These aberrations can be detected by reverse transcription—
polymerase chain reaction (RT-PCR) and have not been
recorded in myoepithetial tumors of the soft tissue.

in relatively rare cases, a myoepithelial tumor may be rich
in spindie cells,”" and may thereby resemble other scft-tissue

tumors such as myxoid lelomyosarcoma, epithelioid sar-
coma, and nerve sheath myxoma,! especially in small biopsy
specimens. In such cases, immunoreactivity for both epithe-
lial markers and S-100 protein would support a diagnosis of
myoepithelial tumor, and reliance on morphological findings
alone could be diagnostically misleading on occasions.

The present case is especially interesting in that the tumor
had preexisted as a deep soft-tissue mass since the patient
was 3 years old. This history might suggest the possibility of
a malignant transformation of a preexisting benign mixed
tumor. However, his preexisting tumor had not been histolog-
ically examined, and the resected tumors did not include a
morphologically benign mixed tumor. Among carcinomas ex
mixed tumor, myoepithelial carcinomas ex mixed tumor have
occasionally been reported in salivary glands, although they



Figure 4 Ultrastructural appearance of tumor cells showing basal
lamina (arrowhead) and desmosome-like junction (arrow, inset).

are very rare? Among soft-tissue cases, Hornick and
Fletcher reported that two of 35 myoepithelial carcinomas of
the soft tissue contained areas of morphologically benign
mixed tumor® The clinical history, however, was not
described in their report.

In summary, we have reported a case of malignant myo-
epithelioma of the soft tissue in which multiple lung
metastases developed. Pathologists must be aware that a
malignant myoepithelial tumor should be included among the
candidates for differential diagnosis when epithelioid tumor
cells with a myxoid background are identified in deep soft
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tissue. Although cases with cytologically malignant features
seem to have a tendency to show a malignant clinical course,
the precise criteria for malignancy remain unknown.
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Cell surface carbohydrates expressed on epithelial cells are.

thought to play an important role in tumor progression. Pre-
viously, we have shown that expression of core 2-branched O-
glycans is closely correlated with vessel invasion and depth of
invasion in colon and lung carcinomas. In this study, we found
that expression of core 2 (31,6-N-acetylglicosaminylirans-
ferase-1, Core2GnT, is positively correlated with the progres-
sion of prostate cancer in human patients. Statistical analysis
demonstrated that Core2GnT is an independent predictor for
progressed pathological stage (pT3) and for prostate-specific
antigen (PSA) relapse. To determine directly the roles of
Core2GnT in prostate cancer progression, we set up an
experimental tumor model using the LNCaP® prostate cancer
cell line. Because this line does not express CoreZGnT, we
established an LNCaP line stably expressing Core2GnT,
LNCap-Core2GnT, by transfecting cDNA encoding
Core2GnT. When mock-transfected LNCaP cells and
LNCaP-Core2GnT were inoculated in the prostate of nude
mice, LNCaP-Core2GnT cells produced three times heavier
prostate tumors than mock-transfected LNCaP cells. Fur-
thermore, we found that LNCaP-Core2GnT cells adhered
more strongly to prostate stromal cells, type 1V collagen and
laminin than did LNCaP-mock cells, but LNCaP and
LNCaP-Core2GnT cells grew almost at the same rate on
plates coated with type 1V collagen or laminin. These results
indicate that Core2GnT is an extremely useful prognostic
marker for prostate cancer progression. The results also sug-
gest that acquiring Core2GnT in prostate carcinoma cells
facilitates adhesion to type 1V collagen and laminin, and this
increased adhesion may be a cause for aggressive tumor for-
mation by prostate cancer cells expressing Core2GnT.

Key words: core 2 B1,6-N-acetylglucosaminyltransferase/
core 2-branched O-glycans/prostate cancer/prostate stro-
mal cell/tumor metastasis
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Introduction

In the United States, prostate cancer is the most common
malignancy affecting men and the second leading cause of
cancer death (American Cancer Society, 2003). The inci-
dence of prostate cancer varies worldwide, with the highest
rates found in the United States, Canada, and Scandinavia
and the lowest rates in China and other parts of Asia
(Quinn and Babb, 2002). However, increase in prostate
cancer incidence has occurred in countries with relatively
low incidence rates of prostate cancer (Gronberg, 2003).

Several treatments are currently available for early pros-
tate cancer, such as watchful waiting, radical retropubic
prostatectomy, laparoscopic prostatectomy, transperineal
prostatectomy, extrabeam irradiation, and transperineal
implantation of radioisotopes (brachytherapy). After
radical prostatectomy, the disease recurs in an estimated
15-30% of patients, suggesting that undetected cancer cells
may have spread beyond the prostate gland before surgery
(Han et al., 2001; Roberts et al., 2001). Several clinical
parameters including tumor stage, tumor grade as mea-
sured by the Gleason score (GS), and the serum level of
prostate-specific antigen (PSA) are typically used to assess
the risk of disease progression at the time of diagnosis
(Partin et al., 1997). Kattan et al. (2001) also have devel-
oped useful nomograms to help evaluate the likelihood of
discase-free survival after radical prostatectomy or brachy-
therapy for localized prostate cancer. However, these and
other models have limitations as demonstrated by their
good, but not excellent, association with outcome, as
reviewed by Ross et al., (2001). 1t is thus imperative to
develop a novel biomarker to accurately assess the risk of
disease progression in patients with clinically localized
prostate cancer so that appropriate treatment can be
selected.

Neoplastic transformation of epithelial cells is accompa-
nied by alterations in expression of cell surface carbohy-
drates (Ohyama et al., 1995; Fukuda, 1996; Watanabe
et al., 2002). For example, the expression of sialyl Lewis A
or sialyl Lewis X on the cell surface of colorectal cancer is
positively correlated with poor patient outcome (Nakamori
et al., 1993). In mucin-type glycoproteins, sialyl Lewis X and
sialyl Lewis A are often present as a capping structure on
core 2-branched O-glycans, and these structures have been
shown to serve as selectin ligands (Lowe, 1994). Following
the formation of a core 2-branch, sequential addition of
sialic acid and al,3-linked or ol,4-linked fucose results in
formation of sialyl Lewis X or sialyl Lewis A (Lowe, 1994).
It was also reported that a soluble form of N-acetylglu-
cosaminyltransferase-V (GnT-V) might facilitate angiogen-
esis (Saito et al., 2002). By contrast, forced expression of
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core 3 O-glycans, which apparently down-regulates core 1
O-glycans, reduced tumor formation by human colonic car-
cinoma cells (Iwai ef al., 2005).

Core 2 B1,6-N-acetylglucosaminyltransferase-1 (Core2GnT-I)
(Bierhuizen and Fukuda, 1992; Schachter and Brockhausen,
1992) is a key enzyme forming core 2-branched O-glycans
(Galp1—-3(GlcNAcB1—6)GalNAco—Serine/Threonine) by
catalyzing the transfer of N-acetylglucosamine (GlcNAc) to
core I O-glycan (GalBl—3GalNAo—Serine/Threonine). It
was reported earlier that increases in Core2GnT activity are
seen in human leukemia cells and metastatic murine tumor
cell lines (Brockhausen et al., 1991; Saitoh et al., 1991;
Yousefi ez al.,, 1991). Similarly, the expression of sialyl
Lewis A on core 2-branched O-glycans, detected by CA19-9
antibody, is associated with the progression of colorectal
carcinoma (Shimono et al., 1994).

We have cloned a cDNA encoding Core2GnT from
human promyelocytic leukemia HL-60 cells by expression
cloning (Bierhuizen and Fukuda, 1992) and raised antibodies
against Core2GnT (Skrincosky et al., 1997). We showed
that expression of core 2-branched O-glycans is closely cor-
related with the malignant potential of colorectal cancer
and pulmonary adenocarcinoma by analyzing the expression
of Core2GnT mRNA (Shimodaira ef al., 1997; Machida
et al., 2001). Notably, we found that the expression of
Core2GnT gene is better correlated with the progression of
tumors in both colon and lung cancer than expression of sia-
Iyl Lewis X or sialyl Lewis A itself (Shimodaira ef al., 1997,
Machida er al,, 2001). These observations suggest that
expression of Core2GnT and resultant core 2-branched O-
glycans is highly correlated with the progression of various
tumors. However, there have been no attempts to elucidate
the clinicopathological significance of Core2GnT status in
prostate cancer.

It has been reported that overexpression of fibroblast
growth factor 8-b in human prostate cancer cell line,
LNCaP cells, allowed them to evade the growth inhibitory
effect of stromal cells (Song et al., 2000). It has also been
shown that prostate cancer cells grew better after forming
capillary-like stroma when cocultured in collagen gels and
endothelial cells in fibrin (Janvier ez al., 1997). Similarly,
coculturing of prostate cancer cells with stromal cells facili-
tates angiogenesis surrounding prostate cancer cells and
leads to increased size of prostate tumors (Tuxhorn et al.,
2002), whereas the invasion of DU145 prostate cancer cell
line was facilitated by stromal-derived hepatocyte growth
factor (Nishimura et al., 1999). These results indicate the
importance of prostate stromal cells in contact with pros-
tate cancer cells in Xenograft tumor formation. However,
no studies have been undertaken to elucidate the roles of
core 2-branched O-glycans in xenograft tumor formation
by prostate cancer cells.

Here, we immunohistochemically examined Core2GnT
status in prostate needle biopsy specimens using the anti-
Core2GnT antibodies previously prepared (Skrincosky
et al., 1997). We found that expression of Core2GnT in
preoperative prostate tissue could be a highly useful predictor
of the pathological stage. Moreover, we demonstrated that
LNCaP prostate cancer cells form larger tumors in nude
mice after LNCaP cells were transfected with a Core2GnT
expression vector, and those transfected cells adhere more
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efficiently to prostate stromal cells than mock-transfected
LNCaP cells. These results as a whole indicate that
Core2GnT and core 2-branched O-glycans synthesized play
a critical role in prostate cancer progression, most likely
through increased interaction with prostate stromal cells.

Results

Expression of Core2GnT is positively correlated with
progression of prostate cancer

To evaluate the role of Core2GnT in prostate cancer pro-
gression, we utilized antibodies specifically raised against
Core2GnT protein (Skrincosky et al., 1997). Because the
specimens examined in this study were embedded in paraffin,
immunohistochemical detection of Core2GnT was more
efficient than detection of either Core2GnT transcripts by
in situ hybridization or core 2-branched O-glycans. The
detection of core 2-branched O-glycans by specific antibod-
ies is severely limited because available antibodies can
detect core 2 O-glycans only when they are capped with sia-
Iyl Lewis X (Berg et al., 1991; Kumamoto et al., 1998;
Kobayashi et al., 2004) or core 2-branched O-glycans
attached to CD43 (leukosialin) (Piller et al., 1991).

The results demonstrate that normal prostate gland
barely express Core2GnT, whereas prostate cancer cells
express significant levels of Core2GnT as detected by rabbit
anti-Core2GnT antibodies (Figure 1A and B). Using these
criteria, we then examined specimens from 69 patients
exhibiting different clinical parameters. First, we found that
Core2GnT expression in biopsy specimens was positively
correlated with serum PSA level (Table I). Prostate cancer
with a low Gleason sum (five and six) and a high Gleason
sum (eight and nine) express Core2GnT in 11 and 51% of
the patients, respectively. We found that 4% of Core2GnT-
negative patients are at pT?3 disease, whereas 53% of core
2-positive patients are with pT3 disease (Table I).

The most important clinical implication of preoperative
parameter is whether it can predict PSA relapse, thus the
necessity of secondary treatment. As shown in Figure 2,
Core2GnT-positive patients had significantly higher risk for
PSA relapse after prostatectomy. This result indicates that
expression of Core2GnT alone or in combination with PSA
is an excellent predictor of progression of prostate cancer.

Fig. 1. Immunohistochemistry of human prostate cancer biopsy specimens.
Prostate biopsy specimens were stained with anti-core 2 B1,6-N-acetylglu-
cosaminyltransferase-1 (anti-Core2GnT) antibodies followed by horse-
radish peroxidase-conjugated secondary antibodies. A normal specimen
(A) and a specimen with a Gleason sum of eight (B) were examined.
Counterstaining was performed using hematoxylin. Core2GnT-positive
cancer cells are stained in red.

1017



S. Hagisawa ef al.

Table I. Core 2 f1,6-N-acetylglucosaminyltransferase-1 (Core2GnT)
status and clinicopathological parameters

Core2GnT  Core2GnT
negative positive p valie
Number of patients 24 45
Age (years old) 64.51 6.6 68.2+4.8 0.0102
(mean * standard deviation)
Prostate-specific antigen (ng/mL) 7437 119489 0.0196
(mean * standard deviation)
Biopsy Gleason score 0.0002
<6 13% 5%
=7 ' 9% 17%
=8 2% 23%
Final pathological stage (%) <0.0001
pT2 23 (96%) 21 (47%)
pT3 1 (4%) 24 (53%)
1.0y
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Fig. 2. Core 2 Bl,6-N-acetylglucosaminyltransferase-1 (Core2GnT)
expression is highly correlated with poor prognosis. Sixty-nine patients
with T! or T2 were divided in two groups depending on whether they
were Core2GnT positive or negative, and the Kaplan-Meier survival
analysis was calculated.

Expression of Core2GnT cDNA into the LNCaP prostate
cancer cell line

To determine the role of Core2GnT in prostate cancer pro-
gression, we stably transfected the LNCaP prostate cancer cell
line with cDNA encoding Core2GnT. As shown in Figure 3A,
the parent LNCaP cells do not express Core2GnT. After
the transfection of Core2GnT cDNA, five clones of trans-
fected cells expressing Core2GnT as assessed by staining
with anti-Core2GnT antibodies (Figure 3A) were identified,
and one was designated LNCaP-Core2GnT. Representative
results using this clone are presented hereafter. The tran-
script (Figure 3B) and the enzymatic activity (Figure 3C) of
Core2GnT were detected in LNCaP-Core2GnT but not in
the mock-transfected LNCaP cells. The parent LNCaP cells
were negative for HECA-452 even after transfection of
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Fig. 3. Expression profile of sialyl Lewis X and core 2 1%,6-N-acetylglu-
cosaminyltransferase-1 (Core2GnT) on LNCaP cells before and after
forced expression of Core2GnT. {A) LNCaP-mock and LNCaP-
Core2GnT cells were stained with rabbit anti-Core2GnT antibodies
followed by horseradish peroxidase-conjugated secondary antibody. The
magnification is the same as that in Figure 1, (B) RT-PCR was performed
on total RNA isolated from LNCaP-mock and LNCaP-core 2 B1,6-N-
acetylglucosaminyltransferase-1 (LNCaP-Core2GnT) cells. RT-PCR for
glyceraldehyde 3-phosphate dehydrogenase (G3PDH) is shown for posi-
tive control. Chinese hamster ovary (CHO) cells and CHO cells-expressing
Core2GnT served as a negative and positive control for Core2GnT,
respectively. (C) Core2GnT activity was assayed for LNCaP-mock and
LNCaP-Core2GnT cells. (D) LNCaP-mock and LNCaP-Core2GnT cells
were negative for sialyl Lewis X and sialyl Lewis A as assessed by FACS
and HECA-452 antibody (Berg et al., 1991). CHO-PSGL-1/F7/C2 cells
were used as a positive control for sialyl Lewis X expression.

Core2GnT, indicating the absence of sialyl Lewis X and
sialyl Lewis A (Figure 3D).

LNCaP-Core2GnT and LNCaP-mock cells grow in vitro at a
similar rate

We determined the cell number of LNCaP-Core2GnT and
mock-transfected LNCaP cells at 2 days interval during
9-day culture. The results show no significant differences in
cell numbers during in vitro culture between LNCaP-
Core2GnT and mock-transfected LNCaP cells (data not
shown), indicating that acquisition of Core2GnT does not
lead to increased proliferation of LNCaP-Core2GnT cells
cultured in vitro.



LNCaP-Core2GnT cells form larger tumors upon
orthotopic inoculation into mouse prostate

To determine if expression of Core2GnT and core 2-branched
O-glycans alters tumor formation in vivo, we inoculated
LNCaP-Core2GnT and LNCaP-mock into the mouse
prostate. Four weeks after inoculation, mice were killed,
and the prostates were examined. The results shown in
Figure 4A illustrate that LNCaP-Core2GnT produced
much larger tumors than did LNCaP-mock cells, and the
weight of prostates derived from LNCaP-Core2GnT inocu-
lation was more than three times than that of prostate
derived from mock-transfected LNCaP cells (Figure 4B).
Almost identical results were obtained in a repeated experi-
ment and the experiments using another LNCaP-Core2GnT
cell line. These results indicate that expression of core 2-
branched O-glycans, even in the absence of sialyl Lewis X
or sialyl Lewis A on LNCaP cells, leads to significantly
increased tumorigenicity.

Histological examination on tumor in nude mice

Histological examination revealed massive tumor forma-
tion of LNCaP-Core2GnT cells in the prostate of the nude
mice (Figure 5A and C). The tumors formed by LNCaP-
Core2GnT were positive for Core2GnT even several weeks
after inoculation, whereas the mouse prostate without inoc-
ulation of LNCaP-Core2GnT cells was negative for
Core2GnT (Figure 5B). Tumors formed by LNCaP-
Core2GnT cells were characterized by a larger nuclei and a

A

C2GnT

mock

o))

p=0.009

prostate weight (mg)
o
Q

Core2GnT
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Fig. 4. Tumor formation by LNCaP cells in nude mice. LNCaP-mock
and LNCaP-core 2 Bl,6-N-acetylglucosaminyltransferase-1 (LNCaP-
Core2GnT) cells were inoculated in the prostate of the nude mice.

(A) After 4 weeks, extirpated prostate specimens were obtained and
photographed. (B) The wet weight of prostate was measured.
LNCaP-Core2GnT cells produced tumor-bearing prostate as much as
three times heavier than did mock-transfected LNCaP cells.
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prominent nucleolus (Figure SA and C). Papillary struc-
tures seen in the normal mouse prostate (Figure 5B) disap-
pear in the tumors, further indicating the aggressiveness of
these tumors.

Adhesion of LNCaP-Core2GnT cells to prostate stroma cells

We then determined whether LNCaP-Core2GnT cells
adhere better to prostate stroma cells than LNCaP-mock
cells. Figure 6A and B illustrates that more LNCaP-
Core2GnT cells bound to stromal cells than LNCaP-mock
cells with statistical significance. We then tested the adhe-
sion of LNCaP-Core2GnT and LNCaP-mock cells to vari-
ous molecules present in the extracellular matrix, which
were coated on plates. As shown in Figure 6C, LNCaP-
Core2GnT cells adhered more efficiently to type 1V col-
lagen and laminin than did LNCaP-mock cells. Statistical
differences between two cell types were more significant for
adhesion to type IV collagen and laminin than that for the
others. These results combined indicate that LNCaP cells
expressing core 2-branched O-glycans adhere more effi-
ciently to prostate stroma cells than do LNCaP cells lacking
core 2-branched O-glycans, most likely because of the
increased adhesion to type IV collagen and laminin.

We next measured the cell growth after the cells were
attached to collagen IV or laminin. The initial number of
cells added was adjusted so that the numbers of initially
attached cells were almost the same between LNCaP-
Core2GnT and LNCaP cells. The results show that the
adhesion to type IV collagen or laminin did not increase the
cell growth compared with the adhesion to control plates,
and that there is essentially no difference in growth of
LNCaP and LNCaP-Core2GnT cells (Figure 6D).

Discussion

This study demonstrates that expression of Core2GnT
on human prostate cancer cells correlates positively with
the aggressive potential of prostate cancer. First, expres-
sion of Core2GnT in preoperative biopsy specimens is
highly correlated with advanced stages of prostate cancer
and is more prevalent in patients with higher GS. Sec-
ond, the expression of Core2GnT in biopsy specimen
predicts advanced disease. Although all of the clinical
cases examined were organ confined, the final pathologi-
cal stage was pT3 for 53% of Core2GnT-positive
patients, in contrast with only 4% pT3 for Core2GnT-
negative patients (Table I). Moreover, Core2GnT-positive
patients exhibited a much less promising prognosis than
Core2GnT-negative patients, suggesting that expression
of Core2GnT is an independent predictor for recurrence
of prostate cancer (Figure 2). These results indicate that
expression of Core2GnT is highly correlated with tumor
progression.

In this study, we also demonstrated that forced expres-
sion of Core2GnT in LNCaP prostate cancer cells led to
significantly larger tumors upon inoculation to the mouse
prostate. Significantly, this increase in tumor formation
was achieved without expression of sialyl Lewis X or sialyl
Lewis A capping structures. These results indicate that the
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Fig. 5. Microscopic findings of the tumor formed by LNCaP cells in the prostate of mice. (A) Hematoxylin and eosin staining revealed the existence of
tumor cells in the prostate of nude mice inoculated with LNCaP-core 2 B1,6-N-acetylglucosaminyltransferase-1 (LNCaP-Core2GnT). (B) Immunostaining
using anti-Core2GnT antibodies was negative for mouse prostate. (C) Positive staining of Core2GnT was found in the tumor formed by LNCaP-

Core2GnT. Scale bar represents 10 pm.
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Fig. 6. Adhesion of LNCaP-core 2 Bl,6-N-acetylglucosaminyltransferase-1 (LNCaP-Core2GnT) and LNCaP-mock cells to stromal cells and basement
membrane components and its effect on in vitro growth. (A) Representative of photomicrographs of LNCaP-Core2GnT cells (a) and LNCaP-mock cells
(b), adhered to prostate stromal cells. The long narrow cells are stromal cells, and the round small cells are LNCaP cells. (B) Number of LNCaP-
Core2GnT (open column) and LNCaP-mock cells (closed column) adhered to prostate stromal cells (PrSc). (C) Adhesion of LNCaP-Core2GnT (open
column) and LNCaP-mock {closed column) to various components of the basement membrane. All of these assays were carried out in triplicate. (D) Cell
growth exhibited by mock-transfected LNCaP (solid lines) and LNCaP-Core2GnT (dotted lines) cells are shown. The cells were seed on control plates
(closed circles), plates coated on laminin (open circles), and type IV collagen (closed triangles).

expression of core 2-branched O-glycans alone led to the
increased tumor formation. Previously, it was shown in
colon and lung carcinoma patients that expression of
Core2GnT has a higher correlation with tumor progression
than expression of sialyl Lewis X (Shimodaira et al., 1997;
Machida ez al., 2001). However, in those studies, expression
of sialyl Lewis X was almost always associated with
tumors, and the effect of core 2-branched oligosaccharides
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on tumor progression could not be separated from the
effect of sialyl Lewis X capping structures on core
2-branched oligosaccharides. In this study employing
LNCaP cells that lack o.1,3/4-fucosyltransferase, the role of
core 2-branched oligosaccharides was revealed in the
absence of sialyl Lewis X and sialyl Lewis A.

Previously, it was suggested that core 2-branched
O-glycans without sialyl Lewis X or sialyl Lewis A capping



structures can be recognized by carbohydrate-binding
proteins distinct from selectins, such as galectins (Leffler
and Barondes, 1986; Bourne er al., 1994; Stowell et al.,
2004). Similarly, attachment of colonic carcinoma cells to
liver sections was found to be dependent on core
2-branched O-glycans, but not on sialyl Lewis X (Ota et al.,
2000). It has been reported also that N-acetyllac-
tosamine—galectin interaction may be impaired in
N-acetylglucosaminyltransferase-V (GnT-V)-deficient mice
and that such impairment causes a hyperimmune
response in GnT-V knockout mice (Demetriou et al.,
2001). On the other hand, overexpression of core
2-branched O-glycans on T-lymphocytes leads to apopto-
sis, probably through binding to carbohydrate-binding
proteins on opposing cells (Perillo et al., 1995; Galvan ef al.,

2000; Priatel et al., 2000).

Based on the ﬁndings described above, it is possible to
hypothesize that core 2-branched oligosaccharides on pros-
tate epithelial cells are recognized by carbohydrate-binding
proteins on stromal cells, and such binding may stimulate
adhesion to stromal cells and thus tumor growth. Because
galectins are shown to bind core 2-branched O-glycans, one
of these carbohydrates-binding proteins is likely galectin.
Indeed, the expression of galectins on the cell surface has
been implicated in tumor metastasis (Raz and Lotan, 1987).
As an alternative but not necessarily mutually exclusive
possibility, proteins carrying core 2-branched oligosaccha-
rides on prostate cancer cells may stimulate growth of pros-
tate cancer cells after they acquire core 2-branched
oligosaccharides. In relation to this hypothesis, it has been
shown that overexpression of Core2GnT in PC12 cells
results in increased phosphorylation of mitogen-activated
protein kinase and c-fos promoter activation (Koya et al.,
1999). A recent study showed that CD43, a major glycopro-
tein carrying mucin-type O-glycans, regulates interleukin-2
production through its cytoplasmic tail, suggesting that
intracellular signaling is a critical factor in the activity of
CD43 (Tong et al., 2004). Further studies are necessary to
determine if any of these mechanisms operate in stimulating
tumor formation after acquisition of Core2GnT by pros-
tate cancer cells.

The present studies demonstrated that LNCaP cells
expressing core 2-branched O-glycans adhere more effi-
ciently to type IV collagen and laminin. However, cell
growth of LNCaP cells on plates coated with collagen 1V
or laminin was not increased over control plates. Previ-
ously, it has been reported that the expression of the tran-
scripts for type 1V collagen ol chain, laminin Bl chain,
and S-laminin are increased in metastatic prostate cancer,
compared with benign prostate glands (Pfohler ef al.,

1998). It has also been reported that laminin-1 and o6f1

integrin were shown to facilitate normal morphogenesis
of the prostate gland, acinal formation, whereas type 1V
collagen rather inhibits the normal morphogenesis
(Bello-DeOcampo et al., 2001). Because type IV collagen
and laminin are components of basement membrane,
they are likely deposited between prostate epithelial cells
and stromal cells. These findings, together with the find-
ings in this study, indicate that the adhesion to type 1V
collagen works more dominantly than the adhesion to
laminin, preventing normal morphogenesis by prostate

Expression of Core2GnT facilitates prostate cancer progression

cancer cells. It is tempting to speculate that such effect
may render those cancer cells undifferentiated, thus
allowing them to be more neoplastic in nature.

Materials and methods

Patients

Between January 1994 and May 1999, 93 patients under-
went staging pelvic lymphadenectomy and radical prostate-
ctomy for clinically localized prostate cancer by a single
surgeon (Y.A.) at Kurashiki Central Hospital, Kurashiki,
Japan. Of these, 22 patients who had T3 disease or received
neoadjuvant hormone therapy were excluded from the
study, and two patients were excluded due to scarcity of
biopsy specimens; the study sample thus consisted of 69
patients with clinically organ-confined (T1/T2) disease. The
surgery was performed via the anatomical approach origi-
nally described by Walsh, (1992). No patients received
adjuvant endocrine therapy until postoperative PSA failure.
The ethical committee of Kurashiki Central Hospital
approved the protocols for this study.

Preoperatively, all patients were evaluated by digital rec-
tal examination, serum PSA, bone scan, pelvic computed
tomography scan, and transrectal ultrasonography. Six to
twelve prostate needle biopsy samples were obtained via
ultrasound guidance by using an 18 G needle and evaluated
for the presence of cancer lesion.

Pathologic diagnosis and Gleason scoring of prostate cancer

The 1997 American Joint Committee on Cancer (AJCC)
staging system (Flemming et al., 1997) was used to assign
the stage, and the Gleason gradlng system (Gleason, 1966)
was used for tumor grading. According to the latter grading
system, the progression of prostate cancer was divided into
five stages (fifth is the most advanced stage), and the score
of the most frequently observed cancer cells and that of the
second most frequently observed cells are obtained, for
example, 4 + 3. The Gleason scoring of each specimen was
made by a single pathologist (M.E.) who was unaware of
the clinical data. Staining for Core2GnT was also com-
pared with pT (representing the stage of pathological pri-
mary lesion); pT2 is defined as the primary lesion confined
to inside the prostate, whereas pT3 corresponds to the
primary lesion breaking through the capsule to infiltrate
outside the prostate (Inaba ef al., 2003).

Measurement of PSA and follow-up of patients

Serum PSA levels were determined with IMx (Abbott Lab-
oratories, Abbott Park, IL). Postoperative PSA values were
considered elevated (PSA failure) if values of 0.1 ng/mL or
greater were obtained on two consecutive visits 1 month
apart. Time zero was defined as the day of surgery. Patients
whose PSA level never became undetectable (<0.1 ng/mL)
postoperatively were scored as failures at time zero.

Immunohistochemistry

Biopsy specimens were fixed with 10% buffered formalin
for 1 h and embedded in paraffin, The samples were cut at
3um thickness and subjected to immunohistochemistry.
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Deparaffinized specimens were incubated with rabbit anti-
human Core2GnT polyclonal antibody (Skrincosky et al.,
1997) followed by goat anti-rabbit 1gG antibodies conjugated
with horseradish peroxidase (Nichirei, Tokyo, Japan). A con-
trol experiment was done by omitting the primary antibody
from the staining procedure. The results of immunostaining
were evaluated by persons unaware of the clinical data.
Based on staining status of Golgi apparatus, specimens
possessing 10% and more positive glands were judged
Core2GnT positive.

Statistical analysis

The Chi-square test was used to assess the association of
Core2GnT status with clinical and pathological parame-
ters. PSA-free survival was evaluated by Kaplan-Meier
curves. Differences between groups were evaluated using
the log-rank test.

Stable transfectants

The human prostate cancer cell line LNCaP, purchased
from the American Type Culture Collection (Rockville,
MD), was maintained in RPMI 1640 medium containing
10% fetal calf serum. The cells were transfected with
pcDNA3-Core2GnT using Lipofect AMINE (Invitrogen,
Carlsbad, CA), as described previously (Mitoma et al.,
2003). After G418 selection (200 pg/mL; Invitrogen), 20
single colonies were examined for immunocytochemical
detection of Core2GnT using anti-Core2GnT antibody,
and five stable transfectants expressing Core2GnT were
isolated (LNCaP-Core2GnT). Among the stable transfec-
tants, two clones (LNCaP-Core2GnT-1 and -2) were used
in tumor assays. Because LNCaP-Core2GnT-1 and -2
yielded identical results in the following experiments, we
designated LNCaP-Core2GnT-1 cells as LNCaP-Core2GnT
cells, and the results obtained by LNCaP-Core2GnT cells
were shown. As a control, LNCaP cells were transfected
with pcDNA3 empty vector, and the transfected cells were
designated LNCaP mock.

RT-PCR of Core2GlcNAcT-1

Chinese hamster ovary (CHO) cells were transfected with
mammalian expression vectors encoding P-selectin glyco-
protein ligand-1 (PSGL-1), fucosyltransferase-VII (FucT-
V11) and Core2GnT establishing CHO-PSGL-1/F7/C2 and
CHO-PSGL-1/F7 cells, respectively (Mitoma et al., 2003;
Kobayashi ef al., 2004). Total RNA was prepared using the
TRIzol reagent (Invitrogen). Reverse transcriptase-polymerase
chain reaction (RT-PCR) of giyceraldehyde-3-phosphate
dehydrogenase and Core2GnT was performed, as described
previously (Mitoma et al., 2003). The enzymatic activity
of Core2GnT was measured, as described previously
(Bierhuizen and Fukuda, 1992; Skrincosky et al., 1997),
using GalB1—-3GalNAco.l—p-nitrophenol (Toronto Chemi-
cals, Toronto, Canada) as a substance.

Fluorescence-activated cell sorting analysis

Cells grown to semiconfluency were dissociated into
monodispersed cells using an enzyme-free cell dissocia-
tion solution (Hank’s based), incubated with HECA-452

1022

monoclonal antibody, followed by the second antibody and
were subjected to fluorescence-activated cell sorting
(FACS) analysis, as described previously (Mitoma et al.,
2003; Kobayashi et al., 2004). HECA-452 antibody was
used to detect both sialyl Lewis X and sialyl Lewis A
antigen (Berg ef al., 1991; Kobayashi et al., 2004).

In vitro cell proliferation

LNCaP-mock and LNCaP-Core2GnT cells were seeded
onto 96-well plates at 10° cells/mL in RPMI 1640 contain-
ing 10% fetal calf serum and 200 pg/mL of G418 and cul-
tured for various times. The number of living cells was
measured every other day using the Cell Counting Kit
(Wako Pure Chemical Industries, Tokyo, Japan). The cells
(2 x 10% cells) were also seeded on 24-well plates coated with
10 g of type 1V collagen or laminin (Sigma, St. Louis, MO),
and cell proliferation was measured as described (Mitoma
et al., 1998). Triplicate cultures were used for each sample.

Orthotopic tumor cell inoculation

Balb/c nude (nu/nu) mice (6- to 8-week-old males obtained
from Clea Japan [Tokyo, Japan]) were used for orthotopic
tumor cell injection after anesthetizing with pentobarbital.
About 2 x 10° cells exhibiting >90% viability as judged by
trypan blue staining were suspended in 20 pL of serum-free
RPMI 1640 medium and inoculated into the posterior lobe
of the prostate with pentobar, as described previously (Inaba
et al., 2003). After tumor cell inoculation, the wound was
closed with surgical clips. Four weeks after inoculation, mice
were killed, and prostates were removed followed by fixation
with buffered formalin solution.

Adhesion assay

A prostate stromal cell line (Nishimura et al., 1999) was cul-
tured to 50% confluence in 24-well culture plates, as
described previously (Krill er al., 1997; Nishimura et al,
1999). LNCaP-mock and LNCaP-Core2GnT cells were
washed three times with phosphate buffered saline (PBS),
harvested, resuspended in RPMI 1640 medium containing
1% fetal calf serum, and added on prostate stromal cells at
the density of 10° cells/mL. The cells were incubated for 10
min at room temperature with continuous rotationat 1 x g.
After washing with cold PBS, bound cells were counted
under a light microscope obtaining mean cell numbers in 10
different fields. Alternatively, plates were precoated with
various molecules present in the basement membrane (col-
lagen I, collagen 1V, fibronectin, and laminin, purchased
from Sigma), which were dissolved at 100 pg/mL of PBS.
After incubation for 30 min at room temperature and wash-
ing with PBS, the wells were then treated with 0.1% bovine
serum albumin solution in PBS to prevent nonspecific
adhesion, before addition of LNCaP cells.
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To identify proteins associated with the histological subtypes of lymphoid neoplasms, we studied
the proteomes of 42 cell lines from human lymphoid neoplasms including Hodgkin's lymphoma
(HL; four cell lines), B cell malignancies (19 cell lines), T cell malignancies (16 cell lines), and
natural killer (NK) cell lymphoma (three cell lines). The protein spots were sequentially selected
by (i) Wilcoxon or Kruskal-Wallis tests to find the spots whose intensity was significantly (p

<0.05) different among the cell line groups, (ii) by statistical-learning methods to prioritize the

spots according to their contribution to the classification, and (iii) by unsupervised classification
methods to validate the classification robustness by the selected spots. The selected spots dis-
criminated (i) between HL cells and other cells, (ii) between the cells from B cell malignancies,
T cell malignancies, and NK cell lymphoma cells, and (iii) between HL cells and anaplastic large
cell lymphoma cells. Among the 31 informative protein spots, MS identified 24 proteins corre-
sponding to 23 spots. Previous reports did not correlate these proteins to lymphocyte differ-
entiation, suggesting that a proteomic study would identify the novel mechanisms responsible
for the histogenesis of lymphoid neoplasms. These proteins may have potential as differential
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diagnostic markers for lymphoid neoplasms.
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1 Introduction

The recent development of proteomic technologies allows us
to describe more than 1000 features of protein expressionin a
quantitative and reproducible way. The proteomic approach
has been used to address many biological questions, and has
wide practical utility in the field of medicine [1). Because the
final outcome of genetic and epigenetic events is the content
of proteins in the cell, proteomics is conceptually the best and
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the most accurate and valuable modality for studying the
mechanisms of biological phenotypes. In the post-genome
era, genome databases coupled with modern high-through-
put screening systems, including DNA microarrays and
SAGE, have enabled a comprehensive understanding of
mRNA expression [2]. However, many lines of evidence sug-
gest that mRNA expression reflects protein expression for
only a small proportion of genes [3-6]. Further, PTMs such as
phosphorylation and glycation cannot be predicted by meas-
uring the amount of mRNA or by studying nucleic acid
sequences. These difficulties underline the potential advan-
tages of proteomic over transcriptomic approaches. However,
comprehensive profiling of all proteins expressed in cells has
not yet been achieved, and proteomic technologies equivalent
to DNA microarray and SAGE are not presently available. For
example, many key proteins present in low amounts, such as
kinases and oncogene products, are difficult to observe by
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conventional 2-D PAGE. Antibody array may facilitate
expression studies, but its utility is limited by the availability
of antibodies suitable for the experiments. Therefore, intense
efforts are now underway to develop proteomic technologies
able to reveal a greater fraction of the proteome, both by mod-
ifying present protocols and by developing novel approaches
[7-9]. Moreover, as is the case for transcriptomic studies, data-
mining techniques, including multivariate analysis and sta-
tistical-learning methods, have been used to analyze prote-
omic data from malignant tumors to find the proteins and the
protein networks responsible for the clinicopathological fea-
tures of cancer [10]. Such use of proteomics will be expanded
by the development of new methods.

The differential diagnosis of many lymphoma types has
been achieved by morphological findings and immunopheno-
typing assisted by karyotyping or molecular analysis of specific
gene rearrangements [11-14]. However, the subtypes of some
lymphomas resemble more than one disease entity [15], and
biomarkers for better differential diagnosis have been devel-
oped using DNA tnicroarray technologies [16]. Although such
studies have successfully identified candidate gene sets, we are
still far from a complete description of the biology of lymphoma
and therefore other approaches are needed to overcome some
of the limitations of present studies.

Here, to demonstrate the utility of the proteomic
approach in identifying tumor-specific markers, we used 2-D
DIGE and multivariate methods to study a series of Iym-
phoma cell lines. 2-D DIGE captured 83 977 features of the
proteome across 42cell lines from lymphoid neoplasms.
This is the first systematic large-scale proteomic study to
identify proteins associated with lymphoid neoplasms. Sta-
tistical-learning methods were used to distinguish a small
number of candidate protein spots specific for the original
histology, and subsequent MS study identified the proteins
corresponding to the spots.

2 Materials and methods
2.1 Cell lines and protein extraction

The cell lines from human lymphoid neoplasms and their
characteristics are summarized in Table 1 [17-55]. They were
maintained until use with the culture medium recom-
mended by the distributors. For protein extraction, the cells
(5 x 1071 x 10%) were pelleted by centrifugation at 3000 rpm
for 5 min and washed three times with PBS. The cells were
treated with 10% TCA for 30 min, and then resuspended in
urea lysis buffer containing 7 Murea, 2 M thiourea,
3% CHAPS, 1% Triton X-100 for 30 min (1 mL of urea lysis
buffer per 100 mg wet weight cells). The cell lysate was cen-
trifuged at 15000 rpm for 30 min and the supernatant (cel-
lular protein fraction) was recovered. The protein concentra-
tion was measured with a Protein Assay Kit (Bio-Rad) and
adjusted to 1 mg/ml. with urea lysis buffer. All procedures
were performed on ice.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.2 Fluorescence labeling and sample preparation for
2-D DIGE

First, portions of the protein samples from all cell lines
were mixed to generate a reference sample. Protein sam-
ples from each cell line and the reference sample were
then labeled with Cy5 and Cy3, respectively. In brief, the
protein sample was adjusted to pH 8.5 with 30 mwm Tris.
Then, the samples were mixed with 200 pmol of fluores-
cent dye for 30 min. The labeling reaction was terminated
by incubation with 10 mm lysine for 10 min. Urea lysis
buffer containing 130 mm DTT and 2% arpholyte was
added and incubated for 15 min. Equal amounts of Cy3-
and CyS-labeled protein samples were mixed, and the total
volume was adjusted to 1680 pL with urea lysis buffer
containing 65 mmM DTT and 1% ampholyte. The labeled
protein sample was applied to four separate 2-D PAGE
gels. All labeling procedures were performed on ice and in
the dark.

2.3 2-D PAGE

Proteins were separated by IEF and subsequently by SDS-
PAGE, according to our previous report [56]. IEF was
performed using linear IPGs (Immobiline Dry Strip,
length 24 cm, pl range between 4.0 and 7.0; Amersham
Biosciences). The IPGs were rehydrated with 420 pl. of
protein sample at 20°C for 12 h. Proteins were separated
on the basis of the pI with a total of 96 kVh on an IPG-
phor (Amersham Biosciences). The IPGs were equili-
brated for 20min in equilibration buffer containing
3Murea, 50mm Tris (pH 8.8), 30% glycerol, 1.0% SDS,
and 16 mm DTT, and then for 20 min in the same buffer
containing 122 mm iodoacetamide instead of DTT. After
equilibration, the IPGs were placed on 9-15% gradient
polyacrylamide gels and the proteins were separated at
20°C for 15h at a constant wattage of 17 W per 12gels.
All electrophoresis procedures were performed in the
dark.

2.4 Image analysis

After the second-dimension electrophoresis, the gel was
scanned at appropriate wavelengths for Cy3 and Cy5 with a
Masterlmager 2640 (Amersham Biosciences). A pair of Cy3
and Cy5 images was stored as a single apf file and trans-
formed to a pair of tiff files. The relative spot intensity was
calculated as the ratio between the absolute intensity of an
individual spot and the total intensity of the gel. The relative
spot intensity of the Cy5 image was normalized by that of the
Cy3 image obtained from the same gel. Since the Cy3 image
was generated from the reference sample, a common mix-
ture of all cell lines, this normalization procedure compen-
sates for gel-to-gel variations. Each sample was run on four
gels, and average spot intensities were calculated for quanti-
tative comparison.
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Table 1. Characters of cell lines, culture conditions, and number of analyzed spots

Cell line Cell line Culture Number Spots in 80%
number®  Cell origin® name Source® medium®  of spots*’ Cy3-image” References
HL
1 HL KM-H2 DSMZ 1 2006 1597 17
2 HL HDLM2 DSMZ 2 1925 1538 18
3 HL L-428 DSMZ 1 1944 1571 19
4 HL HD-MY-Z DSMZ 1 2018 1579 20
B cell
5 BL Namalwa Human-Science 1 2016 1595 21
6 BL EB-3 Human-Science 1 1986 1543 22
7 BL RAMOS Human-Science 1 2044 1611 23
8 BL Raji Tohoku 1 1850 1474 24
9 BL TL Tohoku 1 2002 1574 25
10 BL Daudi Tohoku 1 1942 1509 26
11 BL HS-sultan Human-Science 1 1998 1579 27,28
12 B-ALL RS4;11 DSMZ 3 2013 1687 29
13 B-ALL REH DSMZ 1 2066 1597 30
14 B-ALL NALM-6 DsMmzZ 1 1989 1568 31
15 DLBCL DB ATCC 4 1984 1575 32
16 DLBCL Toledo ATCC 4 1994 1598 33
17 DLBCL Pfeiffer ATCC 4 2042 1605 33
18 DLBCL KARPAS-422 DSMZ 1 1930 1538 34
19 DLBCL OCI-LY-19 DSMZ 3 1958 1578 35
20 FL DOHH-2 DSMZ 1 2485 1650 36
21 FL SU-DHL-4 DSMZ 1 1979 1577 37
22 PCL KARPAS-620 DSMZ 2 2029 1570 38
23 PCL SK-MM2 DSMZ 1 2068 1592 39
T cell
24 T-ALL JURKAT Tohoku 1 1913 1493 40
25 T-ALL PEER Tohoku 1 2018 1591 41
26 T-ALL CCRF-CEM Tohoku 1 2012 1589 42
27 T-ALL Molt3 Human-Science 1 1948 1570 43
28 T-ALL Molt4 Human-Science 1 1937 1556 43
29 T-ALL TALL-1 Human-Science 1 1996 1609 44
30 T-ALL CCRF-HSB2 Human-Science 1 2000 1609 45
31 ALCL SU-DHL-1 DSMZ 1 1952 1563 46
32 ALCL Karpas299 DSMZ 1 1938 1568 47
33 ALCL SR-786 DSMZ 5 1982 1595 48
34 ALCL SUP-M2 DSMZ 1 2014 1593 49
35 ATL ILT-Mat Tohoku 6 1983 1565 50
36 ATL TL-SU Tohoku 1 2018 1550 40
37 ATL TL-Hir Tohoku 1 2006 1594 51
38 CTCL Hut78 Tohoku 1 1912 1537 52
39 CTCL Hut102 Tohoku 6 1978 1597 52
NK cell
40 NK cell lymphoma KHYG-1 Human-Science 6 2085 1592 53
41 NK cell lymphoma NK92 ATCC 7 1977 1569 54
42 NK cell lymphoma KAI3 Human-Science 6 2040 1598 bb
a) Cell line numbers refer to those in Figs. 3 and 4

b)

c

d

f)

Cell origin as described in the indicated references. HL, Hodgkin’s lymphoma; BL, Burkitt's lymphoma; B-ALL, B cell acute lymphoblastic
leukemia; DLBCL, diffuse large B cell lymphoma; FL, follicular lymphoma; PCL, plasmacytoma; T-ALL, T cell acute lymphoblastic leu-
kemia; ALCL, anaplastic large cell lymphoma; ATL, adult T celf leukemia; CTCL, cutaneous Tcell ymphoma

Source of cell lines: DSMZ, Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany); Human
Science (Osaka, Japan); Tohoku, Institute of Development, Aging and Cancer, Tohoku University (Miyagi, Japan); ATCC, American Type
Culture Collection (Manassas, VA)

Culture media are those recommended by suppliers. Culture media: 1, RPMI 1640 90% + FBS 10%; 2, RPMIi 1640 80% + FBS 20%; 3,
alpha-MEM 90% + FBS 10%; 4, RPMI 1640 90%, FBS 10%, 10 mm HEPES, 1 mm sodium pyruvate, 4.5 g/L glucose, 1.5 g/L sodium bicar-
bonate; 5, RPMI 1640 85% -+ FBS 15%; 6, RPM! 1640 90%, FBS 10%, iL-2 100 U/mL; 7, alpha-MEM 75%, FBS 12.5%, horse serum 12.5%,
I1L-2 100 U/L, 0.2 mm inositol, 0.1 mm 2-ME, 0.02 mwm folic acid

Total number of spots detected by DeCyder software

Number of spots present in more than 80% of Cy3 images
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2.5 Data-mining process

For scatter plot analysis, proteins were extracted three times
from KAI3 cells and labeled with Cy5 fluorescent dye as
described in Section 2.2. They were mixed with the Cy3-
labeled reference sample and separated on quadruplicate 2-D
PAGE gels. The normalized and averaged spot intensities
were transformed logarithmically and subjected to scatter
plot analysis. Overall correlation of the expression patterns
across the 42 cell lines was monitored by a correlation matrix.

The Wilcoxon or Kruskal-Wallis test was employed to
identify the protein spots that discriminated between the cell
line groups with high confidence. The class prediction sys-
tem, having learned the expression features of the groups,
was then used to classify samples. Classification accuracy of
various spot sets was assessed by leave-one-out cross-valida-
tion. In the leave-one-out cross-validation, each cell line
sample was left out in turn, and the prediction model with
the discriminator spot set was constructed using the
remaining cell line samples. The cell line sample left out was
then used as the test case to evaluate the accuracy of the class
prediction. This process was repeated by reducing lower-
ranked spots for all samples. For spot ranking, various algo-
rithms were used. The lower-ranked spots were removed and
the classification accuracy was calculated again. This process
was repeated and the cross-validation error rate was plotted
as a function of spot numbers. These analyses were per-
formed using Impressionist (Gene Data, Basel, Switzetland).

GeneMaths (Applied Maths, Sint-Martens-Latem, Bel-
gium) was used for hierarchical clustering analysis by meas-
uring Euclidian distance as a similarity coefficient and by
Ward's algorithm as a tree-building method.

2.6 In-gel digestion and MS study

Protein identification was performed as described previously
[57]. In brief, preparative gels were made by loading 500 nug
of non-labeled protein sample and the gels were stained with
SYPRO Ruby. The gel image was acquired by scanning the
gels at the appropriate wavelength for SYPRO Ruby with a
MasterImager 2640 (Amersham Biosciences). Spots were
marked with the DIA mode of DeCyder software and recov-
ered with an automated spot collector (Spot Picker, Amers-
ham Biosciences). The recovered gel plugs were washed
extensively with 50 mM ammonium bicarbonate and air-
dried. The protein in the gel was treated with 200 ng of
TPCK-treated trypsin at 37°C overnight. The trypsin-digested
peptides were recovered by incubation with 50% ACN/
0.1% TFA and mixed with an equal volume of matrix solu-
tion, dihydroxybenzoic acid. PMF and MS/MS analysis were
performed on a Q-Star Pulser-i equipped with the oMALDI
ion source (Applied Biosystems, Foster City, CA, USA). The
results of identification by PMF and MS/MS were scored
with the Analyst QS and Mascot programs, respectively, and
the top-scoring gene products were considered to be the cor-
responding proteins.
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3 Results
3.1 Protein expression profiles of lymphoma cell lines

We designed the experiment so that the 2-D image of each
cell line was normalized with respect to the common image
in the same gel to avoid gel-to-gel variations resulting from
electrophoresis. The reference sample and the experimental
samples were labeled with Cy3 and CyS, respectively. The
Cy3-labeled reference sample and each Cy5-labeled sample
were mixed together and co-separated by 2-D PAGE. As all
gels produce a common Cy3 image of the reference sample,
standardization of the spot intensity of the Cy5 image to
that of the Cy3 image can compensate for gel-to-gel varia-
tion, allowing quantitative and reproducible study of protein
expression. This approach enables semi-quantitative com-
parison of proteing between the samples. Based on the
relative intensity of the spots, we estimated the degrees of
both up- or down-regulation of proteins among samples.
Because the absolute amounts of proteins could be meas-
ured from the fluorescence intensity using the standard
curve, quantitative inter-protein comparison would have
been possible. However, we did not attempt this in the
present study. An example of a two-channel 2-D image is
shown in Fig. 1A. The blue Cy5 image of KAI3 cells is
merged with the red Cy3 image of the reference sample in
the same gel. As the reference sample contains protein
extracts from all cell lines, including KAI3, the spots on the
Cy3 image include those of KAI3 cells. The location of the
spots is almost the same in the two images because the two
samples were co-separated in the same gel and the electro-
phoretic properties of Cy3- or Cy5-labeled proteins are
designed to be almost identical.

The reproducibility of the protein expression profile was
evaluated by scatter plot analysis. Three independent 2-D
DIGE separations of the protein extract of KAI3 cells were
performed, and the correlation of spot intensity was exam-
ined. The scattergram in Fig. 1B shows the high reproduci-
bility of spot intensity: in all pairs of experiments, the inten-
sity of at least 98.23% of spots was distributed within a two-
fold difference and the correlation coefficient was at least
0.7176.

The overall correlation of spot intensities across the
42 cell lines is shown in Fig. 1C. The degree of correlation of
protein expression patterns was demonstrated by measuring
correlation coefficients, indicating that cell lines derived
from lymphoid neoplasms with similar phenotypes had
common protein expression profiles. In particular, the cell
lines in the B cell group showed more homogeneous protein
expression profiles, perhaps reflecting the biological varia-
tions of lymphocyte lineages: B cells differentiate into plas-
macytes and are recognized by CD19 throughout the B cell
lineage until plasma cell differentiation. On the other hand,
a correlation matrix revealed that cell lines of the T cell group
were relatively heterogeneous in terms of their protein
expression profiles, perhaps reflecting the clinjcal features of
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Figure 1. Quantitative and reproducible protein expression profiles. (A} Two-color image of a 2-D profile. A Cy5
image of KAI3 cells {blue) was merged with a Cy3 image of the reference sample (red). (B} Scattergram of expres-
sion profile of KAI3 cells. Comparison of data from three independent experiments revealed the high reproduci-
bility of protein expression profiling. (C} Correlation matrix of cell lines based on protein expression profiles. The
similarity of profiles is shown by color. The boxed matrixes indicate the combinations of cells having the same
histological subtype.
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T cell lymphoma; one-third of T cell lymphoma arise, spread
to, or relapse at extranodal sites, and the site of disease is
important for disease definition [58].

3.2 Strategy of proteomic analysis

The DeCyder software merged and quantified 83 977 protein
spots in 168 gels representing the 42cell lines (Fig. 2).
Among them, 66 143 spots having valid values in at least
80% of Cy3 images were retained for further analysis. The
spots with an expression level statistically and significantly
different between particular cefl line groups were selected
with the Wilcoxon or Kruskal-Wallis tests (p <0.05). We
grouped and compared the 42 cell lines as follows: (i) Hodg-
kin's lymphoma (HL) cells versus other cells, (ii) cells from
B cell malignancies versus cells from T cell malignancies ver-
sus cells from natural killer (NK) cell lymphoma, (iii) HL-
cells versus anaplastic large cell lymphoma (ALCL) cells. Var-

83977
_ Total spots

Filtered by valid value of 80% Cy3 image

66143 spots

: I Wilcoxon or Kruskal-Wallis test, p<0.05 I

e ~N

HL cells B cell malignancy cells HL cells
vs Other cells vs T cell malignancy cells vs ALCL cells
197 spots vs NK cell lymphoma cells 84 spots
251 spots

rSelecl infor mative spots by machine learning I
1 1 1

Validate the discrimination potential of the spot sets
by unsuper vised classification

! ! l
D@ G

Mass spectrometric
protein identification

Figure 2. Schematic diagram of the data analysis strategy in this
study. The total number of spots recognized and quantified by
the DeCyder software was initially 83 977. Spots were filtered out
if they appeared in less than 80% of Cy3 images. The Wilcoxon or
Kruskal-Wallis test {(p <0.05) was used to identify the differen-
tially expressed spots, and machine-learning methods were used
to select the informative spot sets. Unsupervised classification
methods were used to evaluate the discrimination potential of
the spots. The proteins corresponding to those spots were iden-
tified by MS.
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ious numbers of spots were selected depending on the sam-
ple sets: 197 spots for discrimination between HL cells and
other cells, 251 spots for discrimination between the cells
from B cell malignancies, Tcell malignancies and NK cell
lymphoma, and 84 spots for discrimination between HL cells
and ALCL cells. On the basis of the leave-one-out cross-vali-
dation error rate, we prioritized the protein spots according
to their contribution to the classification: the protein spot
sets that minimized the classification error rate were chosen
as the best. The robustness of the discrimination potential of
these spot sets was further evaluated by unsupervised classi-
fication methods, including principal component analysis
and hierarchical clustering analysis. Among the selected spot
sets, those that clearly categorized the cell lines into groups
by these methods were finally considered as the most infor-
mative for the classification. The proteins corresponding to
these spots were identified by MS.

3.3 Multivariate analysis of cell lines

We illustrate in Fig. 3 the process of spot selection using
multivariate analysis and statistical-learning methods for
digcrimination between HL cells and other cells. The Wil-
coxon test selected 197 spots whose intensity was signifi-
cantly different (p <0.05) between the two groups. Among
the spot ranking methods, the plot of the leave-one-out cross-
validation error rate revealed that Fisher linear discriminant
analysis identified minimal spot sets including 16 or 32 spots

" by which HL cells could be discriminated from other cells

with the lowest cross-validation error rates (Fig. 3A). Al-
though the other three algorithms also yielded spot sets that
could segregate the cell line groups, more spots were
required to obtain the lowest cross-validation error rate or the
minimal error rate with those algorithms was higher than
that by sparse linear discriminant analysis (Fig. 3A). The
robustness of the discrimination potential of the two spot
sets was examined with unsupervised methods. Using the
16 spots, principal component analysis (Fig. 3B) and hier-
archical clustering analysis (Fig. 3C) clearly divided the cells
into two groups. On the other hand, the unsupervised study
using 32 spots resulted in ambiguous classification (data not
shown). Therefore, we concluded that the set containing
16 spots was most informative for discrimination between
HL cells and other cells.

We performed the same procedure for the other sets of
the cell line groups, comparing protein expression profiles
between (i) B cell malignancy cells, T cell malignancy cells
and NK cell lymphoma cells {Fig. 4A) and (ii) HL cells versus
ALCL cells (Fig. 4B). The Wilcoxon test was used for dis-
crimination between two groups and the Kruskal-Wallis test
was used for three groups. The results of unsupervised clas-
sification analysis of the cell lines using the selected spots are
illustrated in Fig. 4. In principal component analysis, all celi
lines were categorized into the expected groups. In hier-
archical clustering analysis, T cell leukemia cell lines PEER
and CCRE-HSB2 were localized in the group of Bcell
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Figure 3. Multivariate analysis of protein expression profiles of
HL cells and other cells. (A) Spot ranking methods were used to
select the spot set that could discriminate the HL cell group from
other cell group with minimal cross-validation error rate. Cross-
validation error rate is plotted as a function of the number of
spots that best discriminate the two groups. (B) Principal com-
ponent analysis of the cell lines using the selected 16 spots. The
cell lines are numbered according to Table 1. (C) Hierarchical
clustering analysis of the celi lines using the selected 16 spots.
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malignancy cells and B cell lymphoma cell line KARPAS-422
was clustered with T cell malignancy cells, but the other cell
lines were grouped according to their origin (Fig. 4A).

3.4 Localization of the informative spots on 2-D gels
and identification of proteins corresponding to
the spots

The location of the informative spots on the 2-D images is
shown in Fig. 5. The proteing corresponding to the num-
bered spots were later identified by MS.

Figure GA illustrates the process of protein identification,
using spot 21 as an example. The mass specirogram of the
tryptic digest of spot 21 was subjected to PMF analysis,
resulting in the identification of galectin-1 with an identifi-
cation score of 1009 and protein coverage of 58.5% by amino
acid count. The identification was also confirmed by MS/MS
data for the tryptic peptide with an m/z value of 1800.6786
(Fig. 6B-D), identifying spot21 as galectin-l with a
MASCOT score of 86. Figure 6E shows the amino acid
sequence of galectin-1, indicating that seven peptides were
used for the identification. Similar procedures were per-
formed for the other protein spots. Of 31protein spots,
23 protein spots were identified. The results of identification
are summarized in Table 2.

4 Discussion

HL is characterized by the presence of Hodgkin and Reed-
Sternberg (HRS) cells, which usually comprise less than 1%
of the cellular infiltrate in the lymphoma tissues [59]. We
found that HL cells had a distinct overall proteomic profile:
the HL cells were more similar to each other than to any
other cell groups (Fig. 1C). It is now generally accepted that
HL cells in most cases are derived from germinal center
B cells (or, rarely, T cells), although the expression of many
B cell markers is lost in HL cells [60]. Our findings suggest
that HL cells develop their own protein expression pattern
during the course of transformation and that the loss of
B cell markers reflects this overall alteration. These concepts
are consistent with recent transcriptomic studies on
HRS cells, where on the basis of mRNA expression profiles
the cells clustered as a distinct entity irrespective of their B or
T cell origin [61].

In the comparison among B cell malignancies, Tcell
malignancies and NX cell lymphoma, both principal com-
ponent analysis and hierarchical clustering analysis divided
these cells according to their original phenotypic groups. In
addition, the protein expression pattern of NK lymphoma
cells was closer to that of Tcell malignancies than that of
B cell malignancies. These findings are consistent with
recent studies showing that although B cells, Tcells, and
NXK cells are derived from a common lymphoid progenitor
[62], NK cells are biologically more related to T cells than to
B cells [58]. Although NKcells and Tcells can be dis-
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tinguished by immunophenotype and molecular genetic
studies, there is overlap in NK cell and T cell antigen expres-
sion, function, and patterns of disease [58]. We identified
seven proteins that were considered to distinguish these
three histological subtypes on the basis of their expression
pattern. However, linkage of these proteins to histological
differentiation was not found by literature validation. Further
studies of these proteins may provide unique findings sug-
gestive of novel concepts in lymphocyte ontogeny.

We also examined whether a proteomic approach could
contribute to the development of biomarkers for the diag-
nostically gray area at the interface between HL and other
lymphoid neoplasms such as ALCL. ALCL and HL are bio-
logically distinct entities: the majority of ALCL and HL cells
are of T cell and B cell origin, respectively [63]. Therefore, the
expression of T cell or B cell markers suggests an appropriate
diagnosis. However, in some cases, the morphological and

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4281

4 KARPAS-422
| CCRF-CEM

! Karpas299 Figure 4. Validation of the
P-M2 selected spots for classification.
25']7)8]1 . The cell lines were grouped by
§ KM-H2 prmcnPaI co.mponent Aanalysns
gul)l,mz and hierarchical clustering anal-
§ L-a28 ysis using the selected spots.
HHD-MY-Z

(A) Cell lines from B cell malig-
nancies, Tcell malignancies,
and NK cell lymphoma. (B) Cell
lines from HL and. ALCL. The
color code in the right panel of
hierarchical clustering analysis
corresponds to that in principal
component analysis. The -cell
lines are numbered according to
Table 1.

immunological features of these neoplasms may overlap
considerably, and tumors in this gray area may present clin-
ical problems [64]. Recently, transcriptomic studies, based on
¢DNA array technology, have revealed that HL cells and
ALCL cells can be distinguished from each other by the
expression of a small number of genes, including clusterin
[65], c-fun, calmodulin, growth factor receptor-bound protein
(GRB2), and S100A4 [66]. Our study included the protein
spots corresponding to Jun-activated domain binding pro-
tein 1, calmodulin, and GRB2 (data not shown). Howevet,
they were not detected as important proteins for the classifi-
cation in our study. There are four possible explanations for
this discrepancy. First, many lines of evidence suggest that
the expression of mRNA does not necessarily reflect that of
protein [3-6]. Therefore, transcriptomic and proteornic stud-
ies may produce discrepant results by their nature. Second,
2-D DIGE is less sensitive than DNA microarray and does
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