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Positive correlation between sialyl Lewis X expression and
pathologic findings in renal cell carcinoma.

Background. Interaction between tumor cells and endothe-
lium plays a major role in cancer invasion and metastasis.
Among various cell adhesion molecules, the cognate interaction
between sialyl Lewis antigen expressed in the tumor cell surface
and E-selectin expressed on endothelial cells is considered to
be crucial for the tumor cell adhesion to the endothelium.

Methods. The sialyl Lewis X (sL*) expression in 45 speci-
mens from renal cell carcinoma patients was examined using
immunohistochemistry.

Results. In this study, we demonstrate that the immunoreac-
tivity for sL* in renal cell carcinoma specimens not only cor-
relates with conventional histopathologic parameters but also
serves as a useful indicator for the prognosis of renal cell carci-
noma.

Conclusion. Since beneficial effect of cimetidine has been re-
ported and ascribed to its inhibitory action on the expression
of E-selectin, a ligand molecule of sialyl Lewis antigen, cimeti-
dine may also show inhibitory effect on the tumor recurrence
and metastasis of renal cell carcinoma with high level of sLX
expression.

In order for tumor cells to metastasize, they first need
to interact with endothelial cells. This cell-to-cell inter-
action requires the cognate interaction of cell adhesion
molecules including E-selectin (tethering), and intercel-
lular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) (firm adhesion) that are
expressed on the endothelial cell surface. Among these
cell adhesion events the tethering step and thus the inter-
action between E-selectin and its ligand molecule sialyl
Lewis antigens is considered crucial [1]. The ligands to
E-selectin are sialyl Lewis antigens include sialyl Lewis
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X (sL*) and sialyl Lewis A (sL*). Recent reports have
indicated that the beneficial effects of cimetidine for the
patients with colorectal cancers are ascribed to its action
in inhibiting E-selectin expression on the cell surface [2,
3]. These experimental observations were confirmed by
a randomized clinical trial of cimetidine, which clearly
showed that the cimetidine treatment dramatically im-
proved the survival of colorectal cancer patients with tu-
mor cells expressing high levels of sialyl Lewis antigens
but no such effects were found when sialyl Lewis expres-
sion levels were found low or null [3].

The sialyl Lewis antigen has been used as a useful
marker for the diagnosis of various cancers in digestive
organs, pancreas, gallbladder, liver, lung, and ovary [4-
6]. The greater level of the sLX expression was found
in the metastasized lesions than the primary tumors in
cases of bladder cancer [3]. Although the incidence and
significance of expression of sL* antigen in renal cell car-
cinoma have ever been reported by only Cordon-Cardo
etal [7], cimetidine has been shown to have beneficial ef- -
fects on the survival of patients with renal cell carcinoma.
In addition, Kinouchi et al [8] reported that the com-
bined therapy with interferon-o, (INF-0.) and cimetidine
were effective even in advanced cases of renal cell car-
cinoma. Kobayashi et al [9] found that cimetidine could
block the expression of E-selectin on the surface of hu-
man umbilical vein endothelial cells (HUVECs), which
subsequently reduced the adhesion of tumor cells to the
endothelium and prevented liver metastasis in a nude
mice model. These findings indicate that the expression
and the interaction of these cell adhesion molecules may
be a rate-determining step for the initiation of the ag-
gressive expansion of tumor cells such as invasion and
metastasis.

In this study, we demonstrate that the level of cell sur-
face expression of sLX antigen in renal cell carcinoma
tumors was correlated with the clinical outcome as well
as the histopathologic characteristics. The significance of
these findings is discussed in terms of the choice of adju-
vant cancer therapy.
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METHODS
Patients and samples

Forty-five patients who were diagnosed to have re-
nal cell carcinoma and received radical nephrectomy at
Nagoya City University Hospital between 1997 and 2002
were enrolled in this study. These patients were sub-
divided by into pT1 (14 patients), pT2 (25 patients),
pT3 (five patients), and pT4 (one patient) groups ac-
cording to the TNM classification of malignant tumors.
Metastases were present at initial diagnosis in 11 patients
(M1). No metastatic lesion was found in the other 34
patients (MO0). The nuclear grading of cancer was de-
termined based on the General Rules for Clinical and
Pathological Studies on Renal Cell Carcinoma proposed
by the Fuhrman’s grading system. Histopathologic grad-
ing based on the nuclear morphology is as follows: grade
1, nuclei indistinguishable from those of normal tubular
cells; grade 2, moderately enlarged, often irregular and
slightly pleomorphic nuclei with defined nucleoli and no
bizarre forms; and grade 3, numerous bizarre or giant nu-
clei. The classification of vascular invasion is as follows:
pV0,no vascular invasion in specimen; pV1a, microscopic
vascular invasion in a renal vein; pV1b, macroscopic vas-
cular invasion in a renal vein; pV2, vascular invasion n
vena cava. For the detection of distant metastasis, all the
patients were checked at least twice per year for occur-
rence of metastasis by x-ray studies, computed tomog-
raphy (CT), and bone scintigraphy during the follow-up
period.

Immunohistochemistry

Paraffin-embedded tissue sections obtained from 45
patients during the operation were deparalfinized in a
cleaning solution (Histochoice) (Amresco, Solon, OH,
USA), rehydrated in a graded series of ethanol (100%,
95%, 70%, and 50%), and washed in distilled water.
Endogenous peroxidase activity was quenched by 1.5%
H,0; in phosphate-buffered saline (PBS) for 15 minutes
followed by washing twice with PBS. Nonspecific pro-
tein recognition by the antibody was blocked in casein
wash buffer (containing 0.3% casein and 0.5% Tween-20
in PBS) for 30 minutes. Tissue sections were then incu-
bated for 1 hour at room temperature with the primary
antibody, monoclonal anti-sL* antibody (Seikagaku Co.,
Tokyo, Japan), or anti-E-selectin antibody (Dako. Copen-
hagen, Denmark). After being washed twice in 1:10
casein wash buffer for S minutes, and incubated with
1:250 biotinylated antimouse IgG (Vector Laboratories,
Burlingame, CA, USA) for 30 minutes, the specific in-
tracellular immunoreactivity was detected by incubation
with avidin-biotin/horseradish peroxidase complex (Vec-
tor Laboratories) for 45 minutes at room temperature fol-
lowed by color development in 0.05% diaminobenzidine
(DAB)/0.01% H,0,/PBS (pH 7.6) chromogen (Sigma
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Chemical Co., St. Louis, MO, USA) for 5 minutes. Color
development was stopped by washing in distilled water,
and sections were lightly counterstained in hematoxylin,
dehydrated in a graded series of alcohol, cleared in xy-
lene, and finally mounted in Eukitt.

Semiquantitative analysis of SL* expression

The degree of sLX expression was estimated and clas-
sified into one of five grades as described previously [10].
Immunoreactivity of sL® was classified into a scale of 0
{o 4 on the basis of staining of tumor cells as follows: 0,
no staining; 1, focal, weak staining; 2, strong staining of
<25% of cells or moderate staining of <80%; 3, strong
staining of 25% to 50% or moderate staining of >80%;
and 4, strong staining of >50%. The immunostained tis-
sue section slides were examined and scored indepen-
dently by two of the authors blinded to any other patho-
logic or clinical information. In 60% of casés the decisions
were consistent, and the other 40% were reviewed until
agreement was achieved.

Statistical analysis

Data are presented as the mean + standard error of
the mean (SEM). Individual groups (each pathologic
grade and TNM classification) were then compared us-
ing the nonparametric Mann-Whitney U test, general-
ized Wilcoxon test and Student ¢ test. For all analyses a
probability value of P < 0.05 was considered statistically
significant. '

RESULTS

Among the 45 renal cell carcinoma patients enrolled in
this study, 27 (60%) had grade 1 tumors, 11 (24.4%) had
grade 2 tumors, and seven (15.6%) had grade 3 tumors.
All the tumor tissues were examined for the expression of
sL* and compared with histopathologic findings and clin-
ical characteristics, including the recurrence rate and the
incidence of metastasis. The staining of sL* antigen was
predominantly detected in the cell membrane of tumor
cells or intercellular matrix. In most cases, heterogeneity
of sL* staining was noted within individual tumor sam-
ples showing either variation in the intensity of staining
or patchiness of the DAB staining (Fig. 1).

In Figure 2A, the positive correlation of semiquantita-
tive evaluation of the sL* expression (immunoreactivity)
and the tumor staging (pT) are demonstrated. There were
significant differences in sL* expression between pTla
and pT3 (P = 0.009 by Mann-Whitney test), and pT2
and pT3 (P = 0.034). Although only single cases were
assigned to pT1b and pT4, there was a strong positive
correlation between the size of tumor mass and its exten-
sion and the extent of sL* antigen expression. Interest-
ingly, the level of sLX expression was positively correlated
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Fig. 1. Histopathologic findings of the tissue expression of sialyl Lewis X (sLX) in renal cell carcinoma. sLX staining of three representative renal
cell carcinoma cases are presented. (A, C, and E) Immunostaining of sLX antigen. (B, D, and F) Hematoxylin and eosin staining of renal cell
carcinoma. The tissue sections of the same patients (A and B; C and D: and E and F) were stained. The level of sLX expression is expressed as the
immunoreactivity (IR ) to the mouse monoclonal antibody to human sLX antigen (see the Methods section for the details). The pathologic diagnosis,

based on the General Rules for Clinical and Pathological Studies on Renal Cell Carcinoma proposed by the Japanese Urological and Pathological
Association [11], of each patient is also indicated. Abbreviations are: G, nuclear morphology; pT, tumor size; pV, vascular infiltration.

with the rate of local recurrence and metastasis of cancer
(collectively called “recurrence” in this study) (Fig. 2B).
Among 34 patients, the tumor recurrence within 3 years
after the radical nephrectomy was noted in 11 cases
(32%). In these patients, the level of SL* expression of
the original tumors that were resected was significantly
higher than those without recurrence.

We then looked at the extent of vascular infiltration of
the original tumor tissue. Whereas no vascular infiltration
of tumor cells was noted in 23 out of 24 patients without
recurrence, significant vascular infiltration was evident in
all the patients with tumor recurrence (11 patients). Only
one patient had a sign of mild local vascular infiltration
but no recurrence was detected. These findings of vas-
cular infiltration with regard to the level of sLX expres-
sion (immunoreactivity) are depicted in Figure 2C. These
observations clearly illustrates that the tumor with high
expression of sL* antigen had a higher level of vascular
infiltration (P < 0.001, overall). The patients with the tu-
mor with high expression of sL* antigen showed a signif-
icantly higher rate of tumor recurrence (P < 0.05). There
was no significant difference between the expression of
sLX and pathologic subtypes of renal cell carcinoma.

Among 45 cases, studied 36 (80%) and nine (20%)
cases were pathologically diagnosed as the clear cell type
and the chromophobe cell type, respectively. However,
there was no statistical significance in the level of sLX

expression with regard to the cell types. No statistical
significance was found between the tumor cell type and
the rate of tumor occurrence. In either cell types, the tu-
mor of low sSLX immunoreactivity showed less probability
of local recurrence. Moreover, the level of sSLX expres-
sion in patients with distant metastasis was significantly
higher than that without distant metastasis (P < 0.0001).
Thus, the expression levels of sL* antigen appear to be
a significant predictor for the development of metastases
and tumor-free survival rate. In Figure 2D, we examined
the relationship between the pathologic grading based on
the nuclear morphology and the level of sL.* expression.
Whereas most of the cases (27 patients) were classified
into grade 1, tumors from 11 and seven patients were
classified into grades 2 and 3, respectively. Interestingly,
there was a strong difference in the levels of cell surface
sLX expression and this pathologic classification. Lower
grade tumor showed significantly lower levels of sSLX ex-
pression: between grades 1 and 2 (P = 0.04 by Mann-
Whitney test); between grades 1 and 3 (P = 0.0002 by
Mann-Whitney test); and no statistical significance be-
tween grades 2 and 3.

Finally, we have examined the metastasis-free period
by the classification based on the level of sLX expres-
sion. As shown in Figure 3, we found a significant differ-
ence in the rate of tumor-free survival between cases with
immunoreactivity <2 (low sL* expression) and those
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Fig. 2. Positive correlation of the level of sialyl Lewis X (sLX) antigen expression and the tumor staging (pT), the cancer recurrence, the degree of
vascular infiltration of tumor, and the nuclear grading of tumor cells. (4) sL* expression of tumor tissues and T stages. The level of sLX expression
is determined according to the results of immunostaining of each tumor tissue and expressed as immunoreactivity (IR) score. The tumor tissues are
classified according to the tumor staging (pT) based on the size of primary tumor. The average sLX expression levels were compared among these
groups and the differences were assessed by Mann-Whitney test. N is the number of renal cell carcinoma cases in each category. (B) sLX expression
and the cancer recurrence. The average sL* expression levels were compared between groups with and without cancer recurrence (local recurrence
and detection of distant metastasis). The statistical differences were found between these two groups (P < 0.05). (C) Vascular infiltration of tumor
cells and sL* expression. The extents of vascular invasion of tumor cells were determined by microscopic examination of the resected pathologic
specimen obtained during surgical operation. Note that significant statistical differences (P < 0.05) were found between pV0 and pV1a, and pV0
and pV2. No significant differences were found between pV1a and pV2. (D) Positive correlation between the pathologic grading and the level of
sLX expression. The pathologic grading was determined for each case based on the nuclear morphology of tumor cells [11]. Significant differences
in the level of sSLX expression were found between pathologic grades 1 and 3 (P < 0.001) and grades 1 and 2 (P < 0.05).

with immunoreactivity >2 (high sLX expression) (P =  DISCUSSION

0.0047 by generalized Wilcoxon test). The cumulative 3- Currently, urologic surgeons do not have powerful
year tumor-free survival rate of the immunoreactivity <2 measures to assess the aggressiveness of advanced renal
group of renal cell carcinoma patients (N =16) was 90%,  cell carcinoma and predict future prognosis of the pa-
whereas that of the immunoreactivity >2 group (N = tients besides pathologic diagnosis. Neither do we have
11) was only 38.5%. Any greater differences were found  any better adjuvant therapeutic options to construct ef-
when we classified the renal cell carcinoma cases by tu-  fective therapeutic strategies according to the individ-
mor grading, tumor cell types, or pT staging (data not  ual characteristics of tumor other than radical nephrec-
shown). tomy. In this study, we demonstrate that expression of sLX
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Fig. 3. The level of sialyl Lewis X (sL*) expression and the metastasis-
free period. All the renal cell carcinoma cases were classified into two
groups: low sLX expression [immunoreactivity (IR) <2] and high sLX
expression (IR >2). Twenty-seven cases without metastasis upon the
initial diagnosis were followed up for 3 years. All patients received med-
ical check-ups, including x-ray studies, computed tomography (CT), and
whole body bone schintigraphy at least twice a year during the follow-up
period. The level of sSL® expression was assessed by immunohistochem-
istry using the resected tumor tissue upon radical nephrectomy (year =
0). Statistically significant difference in the metastasis-free period was
observed between low sLX expression (IR <2) and high sLX expression
(IR >2) (P = 0.0047).

antigen on renal cell carcinoma tumor cells showed strong
positive correlation with both macroscopic and micro-
scopic pathologic findings, and clinical outcomes such as
metastasis and tumor-free survival.

‘The major benefit of these findings in terms of a pro-
posal of novel therapy comes from previous reports with
colorectal cancers and the dramatic beneficial effect of
cimetidine [2,9, 11, 12]. For example, Matsumoto et al [2,
12] reported that the treatment with cimetidine markedly
reduced the frequency of metastasis and significantly in-
creased the survival rate in the patients whose tumor cells
expressed higher levels of the sL* and the sL” epitopes.
However, cimetidine was not effective in the patients
with lower levels (or none) of these epitopes, although
such cancers are considered to be less aggressive. It was
demonstrated that a 1-year course of cimetidine pro-
duced a 10-year survival rate of 96% in patients whose tu-
mor had high sLX expression with cimetidine, compared
to only 35% in control cases without cimetidine treatment
[11]. Similar observations with cimetidine were reported
with renal cell carcinoma [8].

Although the mechanism of cimetidine to endow can-
cer patients of high sLX antigen expression in tumors
with the beneficial effects, Kobayashi et al [9] clearly
showed that this effect of cimetidine is ascribed to the
down-regulation of E-selectin, a ligand molecule for sia-
Iyl Lewis antigens, that is expressed on the endothelium.
They demonstrated that cimetidine could block the ex-
pression of E-selectin and thus inhibited the adhesion
of tumor cells to the HUVECs and that the cimetidine
administration in nude mouse model also inhibited the
transsplenic liver metastasis [9]. Other possible effects of
cimetidine include (I) inhibition of the activity of sup-

pressor T lymphocytes bearing a histamine type 2 recep-
tor in cancer patients [11, 13]; (2) cimetidine, acting as an
antioxidant, inhibits tumor growth [14]; (3) prevention of
postoperative alterations of lymphocyte subpopulations
[15]; and (4) maintenance of natural killer cell activity
[16].

Metastasis is the hallmark of malignant phenotype of
cancer. The involvement of either sLA or sLX in adhesion
to the endothelium is still controversial and may depend
on the tissue types of cancers [17, 18]. The hematoge-
nous metastasis of colorectal cancer and pancreatic can-
cer is mainly mediated by sL*/E-selectin interaction [18]
whereas that of renal cell carcinoma involves primarily
sL* in at least three renal cell carcinoma cell lines in
cell culture experiments [19]. Furthermore, Steinbach et
al [19] concluded that cytokines significantly affect the
adhesion of renal cell carcinoma to the endothelium,
and that cytokine-induced increases in tumor endothelial
binding are mediated at least in part by the E-selectin:sL*
interaction.

In one of our previous studies [1], we reported that
adhesion of tumor cell line QG90 derived from lung can-
cer to HUVEC was dependent on E-selectin expression
on the cell surface of HUVEC. The adhesion of cancer
cell to HUVEC and E-selectin expression was induced
by interleukin (IL)-1B. The various inhibitors of the nu-
clear factor-kappaB (NF-kB) activation cascade could
block the cell adhesion mediated by E-selectin and sL.X
as E-selectin gene expression is under the transcriptional
control of NF-xB. However, the action of cimetidine in
blocking E-selectin does not appear to be at the level of
transcription but rather at a step after transcription [9].
In this regard, it may be worth nothing that a possible
involvement of other regulatory molecules such as p38
mitogen-activated protein kinase (MAPK), in addition
to NF-xB, also participating in the IL-1p signaling [20,
21] should be examined as p38 MAPK is required for
the E-selectin expression most likely at the level of post-
transcription [20-25]. In this context, the issue of whether
cimetidine but not other histamine receptor (H;R) antag-
onists could interfere with such signaling cascade should
also be explored.

The design of our study took into account the similar-
ity between renal cell carcinoma and colorectal cancer in
that cimetidine has beneficial effects on both cancers. As
shown in this study, the immunoreactivity to sLX on renal
cell carcinoma specimens was remarkably correlated with
T'stage and tumor-free survival (Figs. 2 and 3). Semiquan-
titative analysis revealed that elevated expression of the
sLX epitope was associated with the potential for metas-
tasis, suggesting the importance of this epitope as a ligand
for E-selectin. If the cimetidine given to the patients can
efficiently block the expression of E-selectin on vascu-
lar endothelial cells, even malignant renal cell carcinoma
cells expressing higher levels of sLX would not be able to
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adhere to the endothelium and the frequency of metas-
tasis in the patients would be reduced, resulting in the
beneficial effects for the patient survival. Taken together,
these results suggested a beneficial effect of cimetidine
on renal cell carcinoma patients, presumably by block-
ing the expression of E-selectin on vascular endothelial
cells and inhibiting the adhesion of cancer cells. Future
studies should clarify the effect of cimetidine on renal cell
carcinoma with a high level of sL* expression.
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ABSTRACT

Involvement of nuclear factor-xB (NF-kB) in cell
survival and proliferation of multiple myeloma has been
well established. In this study we observed that NF-xB is
constitutively activated in all human myeloma cell lines, thus
confirming the previous studies. In addition, we found the
phosphorylation of p65 subunit of NF-xB in addition to the
phosphorylation of IkBo and the activation of NF-xB DNA
binding and that various target genes of NF-xB including
bel-xy, XIAP, c-IAP], cyclin DI, and IL-6 are up-regulated.
We then examined the effect of a novel IxB kinase inhibitor,
2-amino-6-[2-(cyclopropylmethoxy)-6-hydroxyphenyl]-4-
piperidin-4-yl nicotinonitrile (ACHP). When myeloma cells
were treated with ACHP, the cell growth was efficiently
inhibited with ICsy values ranging from 18 to 35 pmol/L
concomitantly with inhibition of the phosphorylation of
IxBa/p65 and NF-<B DNA-binding, down-regulation of the
NF-xB target genes, and induction of apoptosis. In addition,
we observed the treatment of ACHP augmented the cytotoxic
effects of vincristine and melphalan (L-phenylalanine mus-
tard), conventional antimyeloma drugs. These findings indi-
cate that IxB kinase inhibitors such as ACHP can sensitize
myeloma cells to the cytotoxic effects of chemotherapeutic
agents by blocking the antiapoptotic nature of myeloma cells
endowed by the constitutive activation of NF-xB.

INTRODUCTION

Multiple myeloma is an intractable B-cell malignancy
characterized by clonal proliferation of a terminally differentiated
plasma cell in bone marrow associated with monoclonal hyper-
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gammaglobulinemia and multiple osteolytic bone lesions (1, 2).
Although recent combination chemotherapy, using melphalan
[L-phenylalanine mustard (PAM)], vincristine, and corticoste-
roids, can induce complete remission in multiple myeloma
patients, the long-term remission is hardly attainable mostly due
to the frequent acquisition of drug resistance and low adherence
(1). Therefore, novel treatment modality has been intensively
investigated.

It is noted that the interaction between myeloma cells and
bone marrow stromal cells plays a crucial role through the pro-
duction of cytokines or growth factors and the cognate binding
of adhesion molecules (1). Among various cytokines and growth
factors, interleukin-6 (IL-6) and vascular endothelial growth
factor were reported to stimulate myeloma cell proliferation and
its migration (3). The establishment of such bone marrow
microenvironment conceivably accelerates cell proliferation. In
other words, a limited number of genes including IL-6, vascular
endothelial growth factor, and adhesion molecules are the
principal pathophysiologic determinants of multiple myeloma.
Interestingly, gene expression of these genes is under the control
of a common transcription factor, nuclear factor-xB (NF-xB;
refs. 1, 4). Moreover, extracellular stimuli for the growth of
myeloma cells, such as CD40 ligand (CD40L) expressed on
activated T cells, insulin-like growth factor I, and tumor necrosis
factor o (TNFa), are known to promote the NF-kB activation
pathway at various steps (5-7). A similar effect of NF-xB is
also noted in other malignancies including adult T-cell leukermia
(8), chronic lymphocytic leukemia (9), activated B-cell diffuse
large B-cell lymphoma (9), Hodgkin’s disease (9), hepatocellular
carcinoma (10), and colorectal cancer (11). In fact, NF-kB
inhibitors were found effective in the treatment of some cancers
(12). Thus, NF-«B and its signal transduction pathway are
considered as the feasible molecular target for novel cancer
therapy.

NF-#B is a hetero- or homodimer consisting of Rel family
proteins, p65 (RelA), RelB, c-Rel, p50/p105, and p52/p100, and
normally present in the cytoplasm in association with its inhibitor,
IkB (13). Stimulation by the inflammatory cytokines such as
TNFa and IL-1f results in the activation of IkB kinase (IKK)
complex through mitogen-activated protein kinase/extracellular
signal-regulated kinase kinase kinase 1,3 or NF-xB-inducing
kinase (14, 15). IKK is a large molecular weight complex
consisting of three subunits, IKKe, IKKp, and IKKy/NEMO,
in which IKKa and IKKB serve as catalytic subunits that
phosphorylate IxBa on two serine residues (Ser32/Ser36;
refs. 16~18). Recent reports by us and others have shown that
IKKa also phosphorylates p65 at Ser536, which is crucial for the
transcriptional competence of NF-xB when bound to the promoter
sequence of target genes in the nucleus (19, 20).

In this study, we examined the effect of a novel IKK
inhibitor, 2-amino-6-[2-(cyclopropylmethoxy)-6-hydroxyphenyl]-
4-piperidin-4-yl nicotinonitrile (ACHP), on the growth and
survival of myeloma cell lines. This compound was initially
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synthesized by Muraia et al. (21) based on the massive screening.
Among these compounds, ACHP exhibited the highest selectivity
for IKK B and IKKa (ICs, values for IKK{ and IKK e are 8.5 and
250 nmol/L, respectively, measured by in vifro kinase assays) over
other kinases such as IKK3, Syk, and mitogen-activated protein
kinase kinase kinase 4 (1Cso > 20 umol/L for these kinases; ref. 22).
In addition, ACHP showed good aqueous solubility and ccli-
permeability, thus demonstrating a very high oral bioavailability in
mice and rats.

Here we show that IkBa and p65 are constitutively
phosphorylated in myeloma cells, indicating the persistent
activation of NF-xB, and ACHP could efficiently block NF-«xB
pathway in myeloma cells, thus arresting cell growth and inducing
apoptotic cell death. An apparent synergism was also detected
between ACHP and other conventional anticancer drugs used in
the treatment of myeloma.

MATERIALS AND METHODS

Cell Lines. Human myeloma cell lines, ILKM-2, ILKM-3,
KMS, U266, NCUMM-2, AMOI1, and NOPI, and a B-cell
lymphoma cell line, BIAB, were used in this study as described
previously (23). These cell lines were cultured in RPMI 1640
supplemented with 10% fetal bovine serum, streptomyein, and
penicillin at 37°C in 5% CO; incubator. Exogenous IL-6 is
required for the growth of ILKM-2 and ILKM-3, whereas other
cell lines can grow without exogenous IL-6. U266 cells produce
IL-6 in an autocrine fashion. Although U266 and BJAB cells are
known to have constitutively activated NF-xB (24, 25),
constitutive activation of NF-xB has not been definitively
reported in other cell lines. :

Reagents. The novel IKK inhibitor, ACHP, was a kind
gift from Bayer Yakuhin (Kyoto, Japan). Melphalan (PAM),
vineristine, and dexamethasone were obtained from Sigma (St.
Louis, MO). PAM was dissolved in dimethyl sulfoxide whereas
vineristine and dexamethasone were resolved in PBS. In each
experiment, equal amounts of dimethyl sulfoxide or PBS were
added to control cells. We confirmed that dimethy! sulfoxide
concentrations used in this study did not affect cell viability (data
not shown). Human recombinant TNFa was purchased from
Roche (Mannheim, Germany) and used at 5 ng/mL for NF-xB
stimulation. Recombinant human IL-6 (Diaclone Reseach,
Basaon, France) was added at a final concentration of 10 ng/mL.

Immunoblot Analysis. For analysis of various proteins,
~ 1.0 x 10° cells were maintained with or without ACHP at 37°C.
These cells were washed once with cold PBS and resuspended in
50 pL of hypotonic lysis buffer {20 mmol/L HEPES-KOH (pH
7.9), 10 mmol/L KCI, | mmol/L EDTA, 1 mmol/L NazVOy, 5
mmol/L NaF, 1 mmol/L phenylmethylsulfonyl fluoride, 0.2%
Triton X-100, protease inhibitor]. After 20 minutes of incubation
on ice, the samples were centrifuged and the supernatant was
collected as cytoplasmic extract. Protein concentration was
measured using detergent-compatible protein assay (Bio-Rad,
Hercules, CA) and equal amounts of the proteins were electro-
phoresed on 10% SDS-PAGE and transferred onto the
nitrocellulose membrane. The membranes were blocked with
TBS-T [10 mmol/L Tris-HCI (pH 8.0), 15 mmol/L NaCl, 0.1%
Tween 20] containing 5% nonfat milk for 2 hours at room
temperature, and incubated with TBS-T containing 5% nonfat
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milk and 1:1,000 diluted antibodies against either phospho-IkB-«
(Ser32) or phospho-p65 (Ser536; Cell Signaling Technology,
Beverly, MA) overnight at 4°C. For antibodies against p65,
p52/p100, 1xB-a, and a-tubulin (Santa Cruz, Santa Cruz, CA),
incubation was done at room temperature for 2 hours. After
incubation, the membranes were rinsed with TBS-T and
further incubated with horseradish peroxidase-conjugated
secondary antibodies (Amersham Biosciences, Buckingham-
shire, United Kingdom) in TBS-T with 5% nonfat milk
at room temperature for 1 hour. Each protein was detected by
chemiluminescence using SuperSignal (Pierce, Rockford, IL).

Electrophoretic Mobility Shift Assay. Electrophoretic
mobility shift assay was done as described previously (26).
Briefly, 1.0 % 10° cells were cultured with or without ACHP at
37°C, washed with PBS, and treated with hypotonic lysis buffer.
After 20 minutes of incubation on ice, the cells were centrifuged
to remove supernatant and resuspended in 50 pL of hypertonic
lysis buffer [50 mmol/L HEPES-KOH (pH 7.9), 400 mmol/L
NaCl, 1 mmol/L EDTA, 1 mmol/L Na;VO,, 5 mmol/L NaF, 1
mmol/L.  phenylmethylsulfonyl fluoride, 0.2% Triten X-100,
protease inhibitor]. Thirty minutes after incubation at 4°C, the
supernatant was collected as nuclear extract. Electrophoretic
mobility shift assay was done using double stranded oligonu-
cleotides containing the kB sequence taken from HIV long
terminal repeat (5'-TGT CGA ATG CAA ATC ACT AGA A-3').
The probe DNA was 5'end-labeled using T4 polynucleotide
kinase and [y-**P]-ATP (Amersham Biosciences). DNA binding
reactions were done at 30°C for 15 minutes with labeled DNA
and 25 pg nuclear extract in 20 puL binding buffer {22 mmol/L
HEPES-KOH (pH 7.9), 80 mmol/L KCl, 5% glycerol, 0.1%
NP40, 1 mmol/L DTT, 2 ug poly dI-dC, 2 pg tRNA, and
protease inhibitor]. The samples were loaded on 5% non-
denaturing polyacrylamide gel with 0.5x Tris-Borate-EDTA
buffer at 4°C, followed by autoradiography.

Transient Luciferase Assay. Approximately 2.0 x 108/
well U266 cells were transfected in 12-well plates in triplicates
using DEMRIE-C reagent (Invitrogen, Carlsbad, CA) according
1o the recommendation of the manufacturer. For each transfec-
tion, 2.5 pg of reporter plasmid, 4xBwt-Lue, or 4sBmut-Luc,
and 1.5 pg of the internal control plasmid, pRL-TK, expressing
Renilla luciferase, were used. The construction of these plasmids
was described previously (26). Twenty-four hours after trans-
fection, the cells were treated with ACHP. After 4 hours of
incubation, the cells were harvested and the luciferase activity
was measured by luminometer as described (27). The cells were
treated with TNFo and harvested after 30 minutes of treatment.
The luciferase activity was normalized with Renilla luciferase
activity used as an internal control. The efficiency of transfection
was about 0.9% as estimated from the experiment with a
plasmid expressing green fluorescent protein (data not shown).

Reverse Transcription-PCR. To detect mRNA expres-
sion of various genes, 1.0 x 10° cells in 1 mL were maintained at
37°C in CO- incubator, washed once with PBS, homogenized
with QlAshredder (Qiagen, Alameda, CA), and total RNA was
purified using RNeasy (Qiagen) according to the protocol of the
manufacturer. After incubation with DNase I (Invitrogen), 1 pug of
total RNA was reverse transcribed using SuperScript First-Strand
synthesis System (Invitrogen). One-seventh of each sample was
subjected to PCR amplification for 33 cycles, and the products
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were analyzed by agarose gel electrophoresis. The oligonucleo-
tideprimers were as follows: bel-2, sense 5'-TCG CTA CCG TCG
TGA CTT C-3 and antisense, 5-AAA CAG AGG TCG CAT
GCT G-3'; bel-x, sense 5'-GTT GTA CCT GCT TGC TGT CGC
CGG-3' and antisense 5-AGC TTG TAG GAG AGA AAG TCG
ACC-3; cyclin DI, sense 5-CCC TCG GTG TCC TAC TTC
AAA-3 and antisense 5'-CAC CTC CTC CTC CTC CTC TTC-
3, XIAP, sense 5'-CTT GCATAC TGT CTT TCT GAG C-3/ and
antisense, 5'-ACA CCA TAT ACC CGA GGA AC-3'; c-14PI,
sense 5'-CCT GTG GTT AAA TCT GCC TTG-3 and antisense
5-CAATTC GGC ACC ATA ACT CTG-3; f-actin, sense CCA
GGC ACC AGG GCG TGA TG-3' and antisense 5 -CGG CCA
GCC AGG TCC AGA CG-3'.

Interleukin-6 Production Assay. To measure IL-6
production, 2.0 x 10° of U266 cells in 500 pL medium were
cultured at 37°C for 48 hours, centrifuged to collect
supernatant, and the IL-6 concentrations were determined using
ELISA kit according to the instruction of the manufacturer
(Amersham Biosciences).

Growth Inhibition Assay. Growth inhibitory effects of
compounds were analyzed using 3-(4,5-dimethylthiazol-2-y1)-
2,5-diphenyltetrazolivm bromide assay (27). Approximately 1.0
x 10% 0 1.5 % 10% cells (in 100 uL/well) were cultured in 96-well
plates in triplicates in the presence or absence of each reagent or
in combination at 37°C. After. incubation, 10 pL (5 mg/mL) of
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
solution (Sigma) were added to each well, the cells were incubated
for 4 hours at 37°C, and 100 KL of tysis buffer (0.04 mol/L HC,
isopropanol) were added. Absorbances at 570 and 630 nm were
measured with the aid of multiplate reader using plain medium as
blank. Cell viability (%) was calculated as follows: (Ag3g — 4570
of the samples / Ag39 — 4 570 of the control) X 100 (%).

Cell Cycle Analysis. Cytofluorometric analysis was done
with ~1.0 x 10° cells as previously described (28). After
incubation with or without ACHP, the cells were washed with cold
PBS and fixed with 70% ethanol at —30°C overnight. The cell
pellets were resuspended in 500 pL PBS containing 2 mg/mL
RNase A (Roche) and kept at 37°C for 30 minutes. Then, the cell
pellets were resuspended in 500 uL PBS containing 20 mg/mL
propiodium iodide (P1) followed by incubation at room
temperature for 30 minutes. The DNA content of each cell
preparation was analyzed by flow cytometry (FACScan, BD
Bioscience, San Jose, CA) using CellQuest analysis program.

Apoptosis Assay. Briefly, cells undergoing apoptosis were
detected as previously reported (29). After treating the cells (2.0 x
10 cells) at 37°C with or without ACHP for 8 hours, the cells
were washed with cold PBS and resuspended in staining buffer
containing PI and FITC-conjugated Annexin V (MEBCYTO
apoptosis kit, MBL, Nagoya, Japan). After 20 minutes of
incubation in the dark at room temperature, the cells were
analyzed by flow cytometry.

RESULTS

Constitutive Phosphorylation of IxBa and poes in
Myeloma Cell Lines. In order to see the status of NF-xB
signaling in myeloma cells, we examined the phosphorylation of
IkBa and p65 subunit in a number of myeloma cell lines and
BJAB B-cell line. As shown in Fig. I, the phosphorylation of

[kBe at Ser32 was detected in most of the cell lines examined,
especially in U266, ILKM-2, NCUMM-2, and BJAB. The upper
bands, corresponding to heavily phosphorylated IiBa, were
detected in TLKM-2 and NCUMM-2. In addition, pés is
phosphorylated at Ser536 in all the cell lines examined. This
constitutive phosphorylation of IkBa was observed even when
cells were cultured in serum-free medium (data not shown).
These findings suggest that NF-xB is constitutively activated in
myeloma cells.

Constitutive Activation of Nuclear Factor-xB DNA
Binding and Inhibition by 2-Amino-6-[2-(Cyclopropyl-
methoxy)-6-Hydroxyphenyl]—4-Piperidin-4-yl Nicotino-
nitrile.  We then examined if NF-xB DNA-binding is
constitutively activated in these myeloma cells by electropho-
retic mobility shift assay. Representative results are shown in
Fig. 2 with U266 and NCUMM-2 cells, in which the NF-«xB
DNA-binding is constitutively activated. We also examined the
effect of ACHP on the NF-xB DNA binding in these cells and
found that ACHP, specific inhibitor of IKKx and IKK R, could
inhibit the DNA binding activity of NF-xB (Fig. 2B). The
inhibitory effect was observed at ACHP concentrations greater
than 10 pumol/L, and was evident after only 4 hours of treatment
with ACHP (Fig. 20).

Inhibition of IkBa and p65 Phosphorylation by 2-
Amino-6-[2-(Cyclopropylmethoxy)-6-Hydroxyphenyl]-4—
Piperidin-4-yl Nicotinonitrile. We then examined the effect of
ACHP on the phosphorylation of IBa and p65. As shown in
Fig. 34, ACHP efficiently inhibited the phosphorylation of IxBa
and p65 at 1 pmol/L, and phosphorylated forms of these proteins
disappeared at higher concentrations. This inhibitory action was
observed as early as 20 minutes after treatment (Fig. 3B). No
effect of ACHP on the processing of p100/p52, another subunit
of NF-xB, was observed. Similar effects of ACHP were
observed with other myeloma cell lines (data not shown).

myeloma cell lines

IkBoy

phospho-lxBa (Ser32)

p65

e W s s “‘i phospho-p65 (Ser536)

a-tubulin

Fig. I Constitutive phosphorylation of IxBe and p65 in myeloma cell
lines. The cytoplasmic extracts obtained from seven myeloma cell lines
(U266, ILKM-2, NCUMM-2, ILKM-3, KMS5, AMO!, and NOP1)and a
B-cell line (BJAB), maintained in culture without any stimulation, were
examined by Western blotting analyses with specific antibodies against
IkBo, phospho-liBa (at Ser32), p6s, and phospho-p65 (al Ser536).
Anti-a-tubulin antibody was used as an internal conirol. The mobility
shift of the phosphorylated IxBa is noted in ILKM-2 and NCUMM-2
cells, suggesting phosphorylation at multiple sites.
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Fig. 2 Constitutive activation of NF-xB DNA binding in myeloma
cells and inhibitory effect of ACHP. 4, structure of ACHP. B, dose-
dependent inhibition of NF-kB DNA binding by ACHP. The myeloma
cell lines, U266 and NCUMM-2, were cultured in the absence of any
stimulation and treated with ACHP (0-50 pmol/L) for 4 hours. Nuclear
extracts were prepared and subjected to electrophoretic mobility shift
assay. Arrow, location of the DNA-NF-kB complex, which was
confirmed by the competition assay using unlabelled KB DNA probe
and the supershift assay using antibodies for NF-«B subunits (data not
shown). Lane 1, probe DNA only; lanes 2-6 and 7-11, fixed amounts
(~25 ng) of nuclear extracts from U266 and NCUMM-2 cells, respec-
tively, were incubated with the DNA probe. The indicated concentrations
of ACHP were added in cell cultures for 4 hours before preparation of
the nuclear extract. C, time-dependent inhibition of NF-xB DNA binding
by ACHP. U266 cells were treated with ACHP (50 pmol/L) for O to 8 hours
before preparation of the nuclear extract.

Effect of 2-Amino-6-{2-(Cyclopropylmethoxy)-6-
Hydroxyphenyl]-4-Piperidin-4-yl Nicotinonitrile on the
Tumor Necrosis Factor o—mediated Nuclear Factor-<B
Transactivation, We then examined the inhibitory effect of
ACHP on NF-kB transactivation activity. By transfection of NF-
xB-dependent luciferase reporter plasmid to U266 cells, ~ 4-fold
increase in the extent of gene expression was observed (Fig. 44).
When cells were pretreated with ACHP 4 hours before the
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stimulation with TNFa, a dose-dependent inhibition of gene
expression was observed. The inhibitory action was evident at
0.1 pmol/L ACHP. No such effect of ACHP was observed in
contro] transcription using a reporter plasmid devoid of NF-«B
binding sites.

Inhibition of Gene Expressions of cyelin DI, bel-xy,
XIAP, and c-IAPI by 2-Amino-6-[2-(Cyclopropylmethoxy)-
6-Hydroxyphenyl]-4-Piperidin-4-yl Nicotinonitrile. In mye-
loma cells, constitutive NF-B activation and transcriptional
induction of target antiapoptotic genes such as bel-x,, XIAP,
and ¢-I4Ps are ascribable to the resistance to apoptotic
stimuli by anticancer agents (30, 31). In addition, NF-B
also contributes to cell proliferation of myeloma cells
by up-regulating growth-promoting genes such as cyclin
DI (30). We thus examined the effect of ACHP on gene
expression of these genes. As shown in Fig. 4B, whereas
gene expression levels of PR-actin (control) were not
changed by the treatment of U266 with ACHP, inhibition
of gene expressions of bel-x;, NI4P, c-IAPI1, and cyclin DI

A U266

0o 01 1 10 50

AGHP (M)

IkBo.

phospho-IxBo (Ser32)

p65

phospho-p65 (Ser536)

p100

p52

o-tubulin

time {min)

IxBo

phospho-ixBou {(Ser32)

pB5

phospho-p65 (Ser536)

witls i s WS | p100

p52

o-tubulin

Fig. 3 Inhibition of IxBa and p65 phosphorylation by ACHP. 4,
dose-dependent inhibition by ACHP. U266 cells were treated with
ACHP (0-50 pmol/L) for 20 minutes. Cyloplasmic extracts were
prepared and subjected to immunoblots with the indicated antibodies.
The ICso values for phospho-IkBe and phospho-p65 were 1.0 and
7.6 umol/L, respectively. B, time-dependent inhibition of IxBa and
p65 phosphorylation by ACHP. U266 celis were treated with ACHP
(10 umol/L) for 0 to 60 minutes and the nuclear extract was obtained
for the immunoblot analyses.
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was observed. The expression of bel-2 was not remarkably
affected by ACHP. The inhibitory action of ACHP was
observed after 4 hours (Fig. 4C). Similar results were
observed with NCUMM-2 and ILKM-2 cells (data not
shown). Moreover, the effect of ACHP on the production
of a growth promoting cytokine, 1L-6, was examined with
IL-6-secreting myeloma cell line, U266. As shown in Fig. 4D,
a significant reduction of IL-6 was evident at concen-

trations of ACHP greater than 0.1 mol/L. Increasing
concentration of ACHP resulted in further reduction

of IL-6 production associated with repression of cell
growth,

Suppression of Cell Cycle Progression and Induction of
Apoptesis by 2-Amino-6-[2-(Cyclopropylmethoxy)-6-
Hydroxyphenyl}-4-Piperidin-d-yl Nicotinonitrile. When
U266 and NCUMM-2 cells were treated with 10 umol/L. ACHP
for 24 hours, cell cycle progression was affected. As shown in
Fig. 54, whereas 24% o{ U266 cells were at S phase, only 17.0%
of U266 cells were at S phase after treatment with ACHP. Similar
results were obtained with NCUMM-2 cells. ACHP also induced
apoptosis in myeloma cell lines. In Fig. 5B, the number of cells
undergoing apoptosis (Annexin V (+) and PI (—)) was measured.
Although the sensitivity of apoptosis to ACHP varied among
different cell lines, ACHP could efficiently induce cell death. For
example, in U266 cells, which were relatively resistant to the
ACHP-induced apoptosis, 50 unol/L. ACHP treatment increased
the fraction of apoptotic cells from 4.2% (no treatment) to 16.0%.
In NCUMM-2 cells, even a lower concentration of ACHP (10
1mol/L) could efficiently induce apoptosis (15.8%) and a higher
concentration of ACHP (50 pmol/L) induced apoptosis in 43.7%
of the cells. These findings illustrate the effect of ACHP in down-
regulating antiapoptotic genes (Fig. 4).

Growth Inhibitory Effects of 2-Amino-6-[2-(Cyclopro-
pylmethoxy)-6-Hydroxyphenyl]-4-Piperidin-4-yl Nicotinoni-
trile.  We then assessed the net effects of ACHP on the growth
of myeloma cell lines (U266, NCUMM-2, and ILKM-2) and
B-cell line (BJAB). As shown in Fig. 64, ACHP inhibited
cell growth in a dose-dependent manner with mean 1Cs, of
26.8 pmol/L in three myeloma cell lines. There was a sharp
decline in cell growth property between 10 and 50 pmol/L of
ACHP in most of the cells, which corresponded with the effective
ACHP concentration that inhibited expression of antiapoptotic
genes (Fig. 4). Figure 6B shows the time course of cell growth
property of U266 cells with various concentrations of ACHP.
Higher concentrations of ACHP were necessary to inhibit cell
growth. Lower ACHP concentrations (10 punol/L and below)
eventually allowed myeloma cells to grow for a longer time.
Similar observations were obtained with other myeloma cells
examined (data not shown).

Effects of 2-Amino-6-[2-(Cyclopropylmethoxy)-6-
Hydroxyphenyl]-4-Piperidin-4-yl Nicotinonitrile with Other
Antimyeloma Agents. Finally, we examined the feasibility of
ACHP as an adjuvant chemotherapeutic agent in myeloma
treatment. In the experiments described in Fig. 6C, U266 cells
were cultured in the presence of PAM, vincristine, and
dexamethasone together with ACHP and the effects on cell
growth were assessed. Although 10 umol/L of ACHP alone did
not efficiently inhibit U266 cell growth (Fig. 64), combination
with either PAM, vincristine, or dexamethasone showed more
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Fig. 4 Inhibition of the NF-xB dependent transactivation and gene
expression by ACHP. Luciferase reporter plasmid containing wild-type
NF-kB binding sequence (wr) or its mutant (muf) was transfected into
U266 cells together with an internal control plasmid (pRL-TK). Forty
hours after transfection, the cells were treated with ACHP (0-1 jumol/L)
for 4 houws, stimulated by TNFa (5 pg/mL) for 30 minutes, and
harvested for luciferase assay. The luciferase activity is indicated as fold
increase compared with the untreated control (=1.0). Transfection
efficiency was ~0.9% as evaluated by green fluorescent protein assay
(data not shown). Experiments were done in triplicates; columns, mean;
bars, SD. B, dose-dependent inhibition by ACHP. After U266 cells were
treated with ACHP (0-50 pmol/L) for 4 hours, total RNA samples were
prepared for reverse transcription-PCR, and the mRNA levels of cvelin
DI, belxL, bel-2, XIAP, c¢-I4AP1, and f-uctin were examined with
specific primers. C, time-dependent inhibition by ACHP. U266 cells were
treated with ACHP (50 pmol/L) for 0 to 8 hours, total RNA samples were
prepared, and the mRNA level of each gene was assessed by reverse
transcription-PCR. D, down-regulation of IL-6 production by ACHP.
U266 cells were incubated in the presence of ACHP (0-50 pnmol/L) for
48 hours and the TL-6 levels in the supernatant were measured by ELISA
method (solid bar). The effect of ACHP on the net cell growth was
examined by 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bro-
mide assay (square). The results are expressed as percentage compared
with the untreated control. Experiments were done in triplicates;
columns, mean; bars, SD. *, P = 0.05; **, P < 0.01.
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than additive effects in blocking cell growth in a dose-dependent
manner (Fig. 6C). When cell cultures were maintained for up to
5 days, a greater effect was observed with vincristine and ACHP
(Fig. 6D). Although similar effects were observed with PAM and
ACHP for the first 3 days, the synergistic effect was diminished
after 5 days, presumably due to the short half-life of PAM.

DISCUSSION

In spite of a significant advancement in conventional
chemotherapy and wider applicability of high-dose treatment
with transplantation of hematopoietic stem cells, multiple mye
loma still remains incurable (3). Thus, the pursuit for novel
therapeutic modalities has been attempted by many laboratories.
One such approach is the chemotherapeutic intervention of
the NF-kB activation cascade (25, 32-34). In this study,
we examined the effect of ACHP, a newly developed IKK
inhibitor, on the growth of myeloma cells. We confirmed the

A

500

‘previous observations of Bharti et al. (25, 35) that NF-«B is
constitutively activated in myeloma cells and found that ACHP
could effectively inhibit the myeloma cell growth. We also found
that the cell growth inhibitory effect of conventional antimye-
loma compounds, vincristine and PAM, was significantly
augmented when combined with ACHP. These findings support
the idea that NF-xB could be a feasible molecular target for
the treatment of multiple myeloma.

Regarding the mechanism by which NF-xB is activated in
myeloma cells, we found the constitutive phosphorylation of p65
subunit of NF-xkB at Ser536 as well as that of IxBa at Ser32.
Although the constitutive phosphorylation of IxBa at Ser32 has
been reported in myeloma cells (25, 35), the constitutive
phosphorylation of p65 has not been explored. There are at least
three phosphorylation sites, Ser276, Ser529, and Ser536, within
p65. Among these phosphorylation sites of p65, Ser536
phosphorylation plays crucial roles in the NF-xB-mediated
transactivation (36). For example, the point mutation of Ser536
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eventually resulted in the lack of response to the lymphotoxin
B receptor signaling (36) and the failure of nuclear translocation of
NF-kB (37). Owing to Ser536 being located within the carboxyl-
terminal transactivation domain of p65, it is implicated in the
transcriptional activity of NF-xB once bound to the target DNA
within the regulatory region of target genes by recruiting basal
transcription factors and transcriptional coactivators (20, 36, 38).
In contrast, although the Ser529 phosphorylation was found
associated with the signal-induced NF-«xB activation through
casein kinase II (39), it is unlikely that Ser529 plays a regulatory
role in the NF-xB activation cascade and its phosphorylation is
considered to occur as a coincidence (40). Regarding the Ser276
phosphorylation of p65, both protein kinase A and mitogen- and
stress-activated protein kinase 1 have been implicated and are
considered to be involved in the NF-xB activation by regulating
the selective interaction with the p300/CREB-binding protein
coactivator over histone deacetylase 1 (41, 42). However, other
studies have shown that protein kinase A plays a negative role in
the action of NF-xB (43, 44). Thus, Ser536 phosphorylation plays
a major role in the signal-mediated regulation of transcriptional
competence of NF-xB.

More importantly, the signal transduction pathways
mediated by CD40L and B-cell activating factor have been
shown to play important roles in the proliferation of myeloma
cells. For example, B-cell activating factor is overexpressed in
myeloma cells and involved in the protection from dexameth-
asone-induced apoptosis (45). In addition, CD40L is known to
induce the proliferation and migration of myeloma cells by
inducing NF-xB through the activation of mitogen-activated
protein kinases and phosphatidylinositol-3 kinase (5). In
another report, it is shown that CD40/CD40L signaling
activates NF-«xB by inducing the Ser536 phosphorylation of
p65 (46). Although both IKKea and IKKP have been
implicated in the Ser536 phosphorylation (36, 37, 40), the
signaling cascades involving CD40L, B-cell activating factor,
and lymphotoxin B require IKKa but not IKKR (36, 47, 48).
Thus, IKKa« could be a more feasible target for the treatment
of multiple myeloma.

Furthermore, recent recognition of the noncanonical NF-xB
activation cascade, which is used by the signaling mediated by
B-cell activating factor, CD40L, and lymphotoxin B, and
primarily involving IKKa but not necessarily associated with
phosphorylation of IkBe proteins followed by their degradation,
has highlighted the role of IKKa (49). Interestingly, the treatment
of cells with anuclear export inhibitor leptomycin B resulted in the
puclear accumulation of NF-«B, IkBa, NF-kB-inducing kinase,
and IKKe, but not IKKR, indicating that these proteins are
shuttling between the cytoplasm and the nucleus even in the
absence of any stimulation (50). Therefore, the sole inhibition of
IKKB or proteasome may not be sufficient to suppress the NF-xB
activation associated with multiple myeloma.

In this study, ACHP exhibited the distinctive effective
concentrations in inhibiting various features of myeloma cells.
Although inhibition of the TNFa-mediated gene expression
could occur at low ACHP concentration (<1 pmol/L), higher
concentrations (>10 pmol/L) were required to inhibit the
constitutive phosphorylation of p65, expression of NF-kB-
mediated genes, such as cyclin D1, bel-x;, XIAP, c-IAPI, and
IL-6, and myeloma cell growth. These findings indicate that

the growth inhibitory effect of ACHP may be through the
inhibition of IKK« as well as IKKR.

In conclusion, our findings indicate the therapeutic
efficacy ofACHP in inducing myeloma cell death presumably
by blocking the constitutive activation of NF-xB and the
induction of antiapoptotic genes, thus sensitizing myeloma
cells to cell death mediated by conventional antimyeloma
agents, Although further efforts in drug development are
necessary (i.e., the search for IKKa-specific compounds), our
findings obtained with ACHP should give useful insights into
a novel antimyeloma chemotherapy. Use of such compounds
would conceivably reduce the dose of antimyeloma agents,
prevent the side effects, enhance the adherence to chemother-
apy, and augment the efficacy of the current myeloma
chemotherapy.
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53BP2 induces apoptosis through the mitochondrial
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The p53 binding protein 2 (53BP2) has been identified as the interacting protein to p53, Bcl-2,
and p65 subunit of nuclear factor KB (INE-kB). The TP53BP2 gene encodes two splicing variants,
53BP2S and 53BP2L, previously known as apoptosis stimulating protein 2 of p53 (ASPP2). We
found that these 53BP2 proteins are located predominantly in the cytoplasm and induce apoptosis
as demonstrated by cleavage of poly ADP ribose polymerase (PARP) and annexinV staining. Further-
more, we demonstrate that 53BP2 is located in the mitochondria and induces apoptosis associated
with depression of the mitochondrial trans-metnbrane potential (A%m) and activation of caspase-9.
From these findings we conclude that 53BP2 induces apoptosis through the mitochondrial death

pathway.

Introduction

Apoptosis is a well-defined biochemical pathway and is
essential for the maintenance of cellular homeostasis in
metazoans. Accumulating evidences indicate that the
normal apoptotic pathway is affected in the pathological
processes such as cancer and autoimmunity (Fisher ef al.
1995; Green & Reed 1998; Jackson & Puck 1999,
Daniel & Korsmeyer 2004). The induction of apoptosis
occurs through two distinct pathways, the one elicited
by death receptors in the plasma membrane (‘extrinsic
pathway’) and the other directly involving mitochondria
(‘intrinsic  pathway’). Whereas the former primarily
involves activation of caspase-8, the latter apoptosis path-
way is associated with the release of cytochrome C from
mitochondria and activation of caspase-9 (for a review
see Judith ef al. 2004).

The p53 binding protein 2 (53BP2) has been initially
identified as an interacting protein to p53 (Iwabuchi
et al. 1994) and implicated in the biological action of
p53. It was also shown that the 53BP2 binding site in
the p53 core domain is evolutionarily conserved and
is frequently mutated in human cancer (Iwabuchi ef al.
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1994; Gorina & Pavletich 1996).The subsequent studies
have revealed that it interacts with Bcl-2 (Naumovski
& Cleary 1996) and p65 subunit of nuclear factor kB
(NF-xB) (Yang ef al. 1999). Interestingly, 53BP2 has been
shown to induce apoptosis (Yang ef al. 1999), which was
confirmed by others (Lopez et al. 2000; Ao et al. 2001;
Samuels-Lev et al. 2001; Bergamaschi ef al. 2004). How-
ever, the mechanisi by which 53BP2 induces apoptosis
has not been clarified.

53BP2 protein is encoded by a single copy gene
TP53BP2 located 1n the long arm of chromosome 1 at
g42.1 (Yang et al. 1997). We have recently found that it
encodes two distinct mRINA species, either with or
without exon 3, by alternative splicing (Takahashi et al.
2004) (Fig. 1A). These splicing variants encode two
53BP2 proteins containing 1005 and 1128 amino acids
(aa) with the longer isoform containing additional 123
amino acids in the N-terminus where no known func-
tional motif or distinct intracellular localization signal is
found. Although Samuels-Lev et al. (2001) renamed the
longer 53BP2 isoform as ASPP2 (apoptosis stimulating
protein of p53 2), we have proposed to call these proteins
as 53BP2S (short) and 53BP2L (long) based on the genome
organization of TP53BP2 transcripts (Takahashi ef al. 2004).
53BP2 proteins contain several structural and functional
motifs including Gln-rich o-helical region, Pro-rich
regions, ankyrin repeats, and Src~-homology 3 domain.
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Figure 1 Induction of apoptosis by 53BP2 proteins. (A) Diagrammatic representation of 53BP2S and 53BP2L/ASPP2 proteins.
Locations of Gln-rich region, putative ‘0-helical region,’ Pro-rich region, ankyrin repeats, and SH3 domain are indicated. Tiwo splicing
variants, 53BP2S and 53BP2L/ ASPP2, containing 1005 amino acids and | 128 amino acids residues, respectively, are encoded by the same
gene TP53BP2 (Takahashi ef al. 2004). 53BP2L contains additional 123 amino acid N-terminal fegion containing no apparent
functional/structural motif. (B) The localization of endogenous 53BP2 proteins in MIA PaCa-2 cells. Subcellular localization of
endogenous 53BP2 was examined by immunostaining with anti-53BP2 mouse monoclonal antibody. The dim staining of 53BP2 proteins
was repeatedly observed, which is presumably due to the low protein stability as previously indicated (Yang et al. 1999; Lopez et al. 2000).
(C) Cleavage of PARP by 53BP2 proteins. MIA PaCa-2 cells and HeLa cells were transfected with pcDINA3.1-53BP2 (‘53BP2S’) or
PCEP4-ASPP2 (‘53BP2L)) plasmids and the cell lysates were immunoblotted with anti-PARP antibody. The intact form of PARP
(116 kDa) and its cleavage form (89 kDa) were detected by an anti-PARP rabbit polyclonal antibody (indicated by arrows). Note that
no significant difference of the amounts of the cleaved form of PARP was found in cells expressing 53BP2S and 53BP2L. Cont, cells
transfected with a control expression vector pcDNA3.1. (D) Induction of apoptosis by over-expression of 53BP2 proteins. MIA PaCa-
2 cells were transfected with PcDNA3.1-53BP2 or pCEP4-ASPP? and cells undergoing apoptosis were detected by flow cytometry. Live
and dead cells were discriminated on the basis of their forward and side light-scattering properties. In order to evaluate cells undergoing
apoptosis, cells were stained by both annexin V-PE and 7-AAD and those cells expressing 7-AAD were excluded fiom the measurenient.
The transféction efficiency was estimated to be approximately 65% by the GEP expression from the co-transfected PEGFP plasmid. The
experiments were repeated more than three times with the same results.

In this study, we demonstrate that two 53BP2 iso-  chondrial death pathway is involved in the 53BP2-
forms, 53BP2S (previously called ‘53BP2’) and 53BP2L mediated apoptosis. The biological roles of 53BP2 and
(‘ASPP2’), are localized predominantly in the cytoplasm  its Interacting proteins in the regulation of apoptosis are
and similarly induce apoptosis. We found that the mito-  discussed.
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Results
Induction of apoptosis by 53BP2 proteins

Figure 1A illustrates the organization of 53BP2 isoforms
as previously reported (Takahashi ef al. 2004). As shown
in Fig. 1B, the endogenous 53BP2 proteins were local-
ized predominantly in the cytoplasm, confirming the
previous reports wherein 53BP2 was over-expressed
(Iwabuchi ef al. 1998; Yang et al. 1999).To compare the
effect of 53BP2S and 53BP2L, these proteins were
transduced in MIA PaCa-2 and HeLa cells. After 48 h
of transfection, the cleaved form of poly ADP ribose
polymerase (PARP; 89 kDa product), a hallmark of
apoptosis, was detected (Fig. 1C). When 53BP2S and
53BP2L were over-expressed in MIA PaCa-2 cells,
approximately 16% and 27% of cells were found under-
going eatly apoptotic process (annexinV (-H), 7-AAD (-)),
respectively, whereas the percentage of apoptotic cells
in the control was only 1.8% (Fig. 1D). The extents of
apoptosis were similar to our previous observations using
various DNA damaging agents (Mori ef al. 2000).

Induction of apoptosis in a stable transfectant
(293/53BP2)

We then examined the action of 53BP2 using the 293/
53BP2 cells, in which expression of 53BP2S is under
stringent control by ponasteron A (pon A). In Fig. 2A,
both 293/53BP2 and its control 293/LZ were treated
with pon A. The 53BP2S protein became detectable after
12 h of induction by pon A (5 pm) in a time-dependent
manner and induced apoptosis as eatly as 24 h after pon
A treatment. As shown in Fig. 2B, after 72 h of 53BP2S
expression, a significant number (26%) of cells underwent
apoptosis as revealed by positive staining for annexin V,
whereas only the background level (6.5%) was stained in
control cells. Cells at early apoptotic process (annexin
(+), 7-AAD (-)) were found 14% and 3% in 293/53BP2
cells and control cells, respectively (Fig. 2B). No cleav-
age of PARP or a significant annexin V staining was
detected with the control 293/LZ cells (data not shown).

Cytosolic and mitochondrial localization of 53BP2S

In Fig. 3A, intracellular localization of 53BP2S was
examined by transfection of pEGFP53BP2 expressing
53BP2S in fusion with green fluorescence protein (GFP).
A punctate vesicular pattern was noted, localized pre-
dominantly in the cytoplasm of the transfected cells. To
confirm the localization of 53BP2S, we co-transfected
pDsRed2-Mito, expressing red fluorescent protein tar-
geted to mitochondria. As demonstrated in Fig. 3A and
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Figure 2 Induction of apoptosis in 293/53BP2 cell line. (A)
Time course of induction of 53BP2S and cleavage of PARP in
293/53BP2 cells. Cells were treated with pon A (5 {im) using an
ecdysone-inducible expression system for the indicated periods (h),
and the cell lysate (10 [Lg protein) was examined for the expression
of 53BP2S and PARP The intact full-length PARP (116 kDDa) was
cleaved into 89 kDa during the apoptotic process. Longer
exposure of chemiluminescence for protein detection revealed the
endogenous 53BP2L protein in these cells. B-tubulin was used as
an internal control. (B) Flow cytometric detection of apoptotic
cells, 293/53BP2 cells were stimulated with pon A (5 pm) and
cultured for the indicated periods (h). The percentages of cells at
apoptosis (annexin V (+)) and cells at early apoptosis (annexin V
positive and 7-AAD (-)) were counted and indicated separately.

53BP2S was shown to be partly localized in the mito-
chondria in addition to the cytoplasm. In most cells only
portions of mitochondria were costained with 53BP2S,
suggesting that small amounts of 53BP2S molecules could
be sufficient to induce apoptosis. In Fig. 3B, subcellular
fractionation was performed and the presence of 53BP2S
was examined. Protein expression was induced by pon A
for 48 h and each subcellular fraction was subjected to
Western blotting with anti-53BP2 antibody. Although
majority of the 53BP2S protein was detected in the
cytosolic fraction, it was also detected in the mitochon-
drial fraction (Fig. 3B).

Depression of A¥m by 53BP2S expression
These findings suggested the involvement of the ‘intrinsic’

death pathway. We thus examined the change in A¥m

Genes to Cells (2005) 10, 253-260
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Figure 3 Intracellular localization of 53BP2S. (A) Co-lacalization
of 53BPS and mitochondria marker. 293 cells were transiently
transfected with pEGFP-53BP2 and mitochondria-targeting
plasmid pDsR ed2-Mit and examined under confocal microscope.
The GFP fluorescence, DsR.ed fluorescence and merged images
of cells are shown. Note that only portions of mitochondria
(visualized by DsRed) were costained with GFP (53BP2S).
(B) Subcellular fractionation. Upon induction of 53BP2 by pon A
(5 M, 48 h) in 293/53BP2 cells, whole cell extract (WCE) was
prepared. The cytoplasmic (Cy), mitochondrial (Mit) and nuclear
(Nuc) fractions were separated as described in Experimental
procedures. Each protein fraction was separated by 10% SDS-
PAGE, and probed with antibodies to 53BP2S, PCNA (nuclear
marker), mitochondrial heat shock protein (Mit hsp70) and LDH
{cytoplasmic marker). The same cell equivalents were loaded on
each lane. Contamination of the cytoplasmic fraction into the
mitochondria fraction was considered negligible because of the
absence of LDH. The identical results were obtained repeatedly.

following 53BP2S expression (Fig. 4). Several cationic,
lipophilic, fluorescent dyes such as CMXR os and rhod-
amine 123, can readily detect changes in AWm as they
are selectively sequestered by respiring mitochondria by
virtue of their negative charges on the inner membrane
and are washed out when AWm is lost. As shown in
Fig. 4A, the extent of CMXR os staining in pEGFP53BP2-
transfected cells (visualized by the expression of GFP)
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Figure 4 Alteration of the mitochondria transmembrane
potential (A%'m) by 53BP2S. (A) Reduction of A¥m by 53BP2S.
After 48 h of transfection with pEGFP (1) or pEGFP53BP2 (b-d)
plasmids, MIA PaCa-2 cells were stained with CMXRos. Typical
cells are shown. In cells expressing 53BP2S, progressive reduction
of A¥m was observed in association with nuclear fragmentation
{from b—d). The same exposure time was used in cach picture.
(B) Temporal change of A¥m following 53BP2S induction. 293/
53BP2 and 293/LZ cells were treated with pon A for indicated
periods (h), stained with rhodamine 123, and flow cytometric
analysis was performed. Distribution of fuorescence intensity of
cells with sham treatment (only the solvent ethanol was added) is
shown in gray shadow.‘Control; uninduced cells.
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