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Abstract. Bone morphogenetic proteins (BMPs), which
belong to the transforming growth factor-p superfamily, are
multifunctional signaling molecules that have become of
increasing interest in cancer research. Recent observations
suggest that alterations in BMPs and BMP signaling are asso-
ciated with tumorigenesis and disease progression in various
types of malignancies. This study investigated the methylation
status of the BMP6 gene promoter in various types of plasma
cell proliferative disorders by combined bisulfite restriction
analysis. While BMP6 methylation was not detected in any
samples from monoclonal gammopathies of undetermined
significance, intramedullary multiple myeloma (MM), plasma
cell leukemia or solitary plasmacytoma, both case studies and
cell line studies showed that multiple extramedullary plas-
macytoma (MEP) consistently carried a methylated BMP6
promoter. The BMP6 methylation-positive MEP was an
aggressive form of MM with extremely high levels of serum
lactate dehydrogenase (LDH). Bisulfite sequencing analysis
confirmed intensive methylation at CpG sites of the BMP6
promoter region. The methylation of BMP6 was correlated
with decreased levels of mRNA transcripts. Expression of
BMP6 was restored by the demethylating agent 5-aza-2'-de-
oxycytidine, suggesting that the methylation is associated
with transcriptional silencing. Our study implied that BMP6
promoter methylation is not a common event in MMs, but
occurs in aggressive MEP. These findings warrant further
investigation to clarify whether BMP6 methylation together
with elevated LDH could be a marker of poor prognosis in
MEP patients who should be considered for early intensive
treatment.
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Introduction

Multiple myeloma (MM) is a clonal malignancy of plasma
cells that develops as a consequence of a multistep transforma-
tion process. MM is thought to evolve most commonly from
a monoclonal gammopathy of undetermined significance
(MGUS) that progresses to smoldering MM and, eventually,
to symptomatic MM after development of several genetic
abnormalities (1). Additional genetic and biological factors
related to the proliferative activity of the malignant plasma
cells, angiogenesis and bone metabolism may transform the
myeloma clone further to more aggressive disease states
known as plasma cell leukemia (PCL) and multiple extramed-
ullary plasmacytoma (MEP), in which the clonal cells lose
their dependency on the bone marrow microenvironment (2).

Genetic abnormalities in a large number of genes have
been described in MM. Important genetic changes for the
pathogenesis of MM include translocations involving the
immunoglobulin heavy chain locus on chromosome 14q32,
which result in transcriptional activation of MAF, MMSET,
CCNDI,CCND3 or MAFB, and numerous structural and copy
number alterations (1,3,4). Late-onset translocations and gene
mutations that are implicated in disease progression include
complex karyotypic abnormalities in MYC, the activation
of NRAS and KRAS, mutations in TP53, and inactivation
of CDKN2A and CDKN2C (1,3,4). Thus, the genetic abnor-
malities associated with the origin and progression of MM are
becoming more apparent, but the role of epigenetic modifica-
tions is still poorly understood.

Aberrant methylation of promoter DNA regions rich in
CpG islands has been recognized as a major mechanism of
epigenetic gene silencing. To date, promoter methylation in
MM has been reported in several studies, mainly focusing on
the methylation status of genes encoding proteins with func-
tions in cell growth control and apoptosis (5-7). Identification
of novel genes whose expression in MM is regulated by meth-
ylation is of great importance for better understanding of the
pathogenesis and prognostic implications of the disease.

Bone morphogenetic proteins (BMPs), members of the
transforming growth factor-p (TGF-P) superfamily, were
originally identified as molecules involved in the regulation
of osteogenic differentiation, but are now appreciated to have
critical functions in a wide range of developmental processes
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(8,9). Dysregulation of BMPs and BMP signaling is also
implicated in disease states, including cancers. For example,
activation of BMP signaling inhibits some cancer types, such
as colorectal cancer, by promoting growth arrest and differ-
entiation and by inducing senescence (10). In addition, loss of
BMP expression was reported in association with development
and progression of cancers of the colon, stomach, prostate, and
lungs (11-16), and recent studies reported that BMP2, BMP4,
BMPS5, BMP6, and BMP7 inhibit proliferation and induce
apoptosis of myeloma cells (17-21). Although these findings
may define the role of BMPs as tumor suppressors, the under-
lying mechanism of the effects of BMPs in tumorigenesis has
not been well delineated.

Of the genes for these BMPs, BMP6 became the focus of
our interest in studying methylation-dependent gene regulation
in MM, as it was shown that BMP6 expression is suppressed
in actively proliferating myeloma cells or plasmablasts (21),
and since the BMP6 promoter region is abundant in CpG
islands that are susceptible to methylation (22). Furthermore,
we recently showed that BMP6 promoter methylation and its
resultant loss of BMP6 expression were found in aggressive
types of malignant lymphomas and leukemias (23,24). Thus,
we hypothesized that the BMP6 promoter may be methylated
in more aggressive types of MM, and that the loss of BMP6
expression may contribute to the pathogenesis and progression
of aggressive MM.

Materials and methods

Samples. Bone marrow aspirates, leukemic peripheral
blood, or biopsied tissues were obtained from 27 pretreated
MM patients (12 men and 15 women with a median age of 67
years at diagnosis; range, 37-87 years) and included samples
of intramedullary MM, extramedullary MM (plasmacy-
tomas) and PCL. Based on the Durie-Salmon classification,
the study population was divided into 37% stage I (10 cases,
denoted as cases I-1 to I-10), 26% stage II (seven cases, 11-1
to II-7) and 37% stage III (10 cases, I1I-1 to III-10). Three
samples were from biopsied plasmacytomas (cases I1-4, II-5
and II-6). The stage III group included 3 PCLs (cases I1I-2,
I11-9 and ITI-11) with plasma cell counts of 2.1-11.9x10%/1 in
peripheral blood. Five relapsed cases were also studied. In
addition, three cases of MGUS were enrolled in this study
(patient median age 76 years; range, 74-78 years). Five MM
cell lines (U-266, delta-47, Maska-98, Flam-76 and Fuji-6)
were also subjected to methylation analysis. This study
received the approval of the Ethics Committee of Kochi
Medical School, Kochi University.

Methylation analysis. Sodium bisulfite modification of
isolated genomic DNA (1 ug) was performed using the EpiTect
Bisulfite kit according to the manufacturer's instructions
(Qiagen, Valencia, CA, USA). Aliquots of the bisulfite-
treated DNA were amplified by polymerase chain reaction
(PCR) in reaction mixtures containing 67 mM Tris-HCI
(pH 8.8), 16.6 mM (NH,),SO,, 6.7 mM MgCl,, 10 mM
-mercaptoethanol, 1.25 mM each deoxynucleotide triphos-
phate mixture, 0.5 mM of each primer, and 1 U of Ex Taq
Hot Start Version polymerase (Takara, Shiga, Japan). The
primers were 5'-GGGGTAAATTTTATGGTGGTT-3' (sense
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primer) and 5'-CCTCAATCCTTATCTCTCATA-3' (antisense
primer), which give a PCR product of 387 base pairs (bp),
encompassing the BMP6 promoter region -521 to -134 bp
relative to the transcriptional start site. The PCR conditions
were 3 min at 94°C followed by 35 cycles of 94°C for 40 sec,
56°C for 30 sec, and 72°C for 30 sec. Combined bisulfite
restriction analysis (COBRA) was carried out by overnight
digestion of the PCR products at 60°C with a restriction
enzyme BsfUI (New England BioLabs, Ipswich, MA, USA)
which has the recognition sequence 5'-CGCG-3'. The digested
fragments correspond to methylated DNA (25). The resultant
DNA fragments were electrophoresed on 2.5% agarose gels
and visualized by ethidium bromide staining under ultraviolet
(UV) light.

In these analyses, two lymphoma cell lines, Akata (Burkitt's
lymphoma cell line) and SP-53 (mantle cell lymphoma cell
line), were employed in parallel as BMP6 methylation-positive
and -negative controls, respectively. The BMP6 promoter of
Akata cells has previously been shown to be fully methylated,
while the promoter in SP-53 cells show no evidence of meth-
ylation (23).

Bisulfite genomic sequencing. The PCR products were purified
with the High Pure PCR Production Purification kit (Roche
Diagnostics, Tokyo, Japan). The purified PCR products were
cloned into the pMD20-T vector, and transformed into the
Escherichia coli strain JM109 with the Mighty TA Cloning
kit (Takara). Five to six clones for each myeloma sample were
selected by blue-white color screening, and sequenced with
the M13 primer RV or M13 primer M4 (Takara). The DNA
sequence was determined with an ABI-310 sequencer using
the BigDye terminators version.l.l1 (Applied Biosystems,
Foster City, CA, USA).

Reverse-transcription (RT)-PCR. Total RNA was isolated
using TRIZol reagent (Invitrogen, Carlsbad, CA, USA). Before
RT,atotal of 1 ug of RNA was treated with DNase I (Invitrogen)
to remove any DNA contaminant. The DNase I-treated RNA
was subjected to RT with ThermoScript reverse transcriptase
(Invitrogen). The cDNA samples (equivalent to the cDNA
amount from 50 ng of initial total RNA) were PCR-amplified,
and the products were electrophoresed on 2.0% agarose gels
followed by ethidium bromide staining and visualization
under UV light for the presence of DNA bands of appropriate
sizes. The sequences of the primers used to amplify the
BMP6 gene were 5'-CGACAACAGAGTCGTAATCG-3' and
5-GCATTCTCCATCACAGTAATTG-3, yielding a 195-bp
fragment. As a control for cDNA integrity and PCR reactions,
the gene encoding [-actin was amplified in parallel using the
following primers: 5'-ACCTTCAACACCCCAGCCATG-3'
and 5-GGCCATCTCTTGCTCGAAGTC-3, giving a 309-bp
fragment.

5-Aza-2'deoxycytidine (5-aza-dC) treatment. Cells were
grown in RPMI-1640 medium supplemented with 10%
fetal calf serum. For 5-aza-dC experiments, the cells were
treated with either 5 uM [from 10 mM stock in dimethyl
sulfoxide (DMSO)] 5-aza-dC (Sigma, St. Louis, MO, USA)
or with vehicle alone (DMSO) for 5 days with fresh medium
containing either 5-aza-dC or DMSO being added every 48 h.
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Figure 1. COBRA results for BMP6 promoter methylation in MM cases at diagnosis (A), relapsed MM cases (B), and MM cell lines (C). The PCR products
(387 bp) from bisulfite-treated DNA were digested with BstUI, which generated digested bands of various sizes. The digested fragments correspond to methyl-
ated DNA. Case numbers are shown on top. The BMP6 promoter of Akata cells was previously shown to be methylated, while SP-53 cells show no evidence of
methylation (23). Experiments were conducted in parallel with Akata and SP-53 cells as methylation-positive and -negative controls, respectively. Molecular
size marker ($pX174/Hincll-cut DNA) is shown on the left. U, unmethylated fragment; M, methylated fragment.

After the drug treatment, cells were harvested for DNA and
RNA extractions.

Results

Methylation analysis of the BMP6 promoter. We screened
bone marrow aspirates, leukemic peripheral blood, or biop-
sied specimens of plasmacytomas from pretreated patients
with various types of MMs, including intramedullary MMs,
extramedullary plasmacytomas and PCLs, for the presence
of BMP6 promoter methylation. None of the intramedullary
MMs or PCLs had a methylated BMP6 promoter, with the
exception of case II-6 (Fig. 1A). Of the three cases of plas-
macytoma studied (cases 1I-4, II-5 and II-6), case 1I-6 was
an MEP having at diagnosis elevated serum levels of lactate
dehydrogenase (LDH) six times higher than the upper limit
of normal, while the other two cases without BMP6 methyla-
tion were solitary plasmacytomas with normal levels of serum
LDH. The disease in case 1I-6 rapidly progressed to stage III
of the Durie-Salmon staging system at relapse (denoted as
case II-6-RIII), and methylation of the BMP-6 promoter was
consistently found (Fig. 1B). Sequential case follow-up studies
showed that none of the other four relapsed cases (II-1-RII,
I1-4-RI1, III-1-RIII, and III-9-RIIT) had BMP6 promoter
methylation. We also evaluated the methylation status of bone
marrow aspirates from three patients with MGUS, none of
which showed detectable BMP6 promoter methylation (data
not shown).

To further investigate BMP6 promoter methylation in MM,
we conducted COBRA on five MM cell lines: U-266 is from
a patient with intramedullary MM; Flam-76 and Fuji-6 from
PCL; delta-47 from solitary plasmacytoma; and Maska-98
from MEP (26). As shown in Fig. 1C, methylation of the BMP6
promoter was found only in Maska-98. Maska-98 was derived
from a patient with relapsed MEP whose serum LDH level
was 30 times higher than the upper limit of normal (27). These

results suggested that although BMP6 promoter methylation
was not a common event in MM, it appears to occur in MEP.

Bisulfite sequencing analysis. To confirm the methylation at
the cleavage sites of the restriction enzyme along with the
methylation of other neighboring CpG sites, four samples,
including two from MM patients (cases II-6 and III-8) and two
MM cell lines (U-266 and Maska-98), were subjected to bisul-
fite sequencing. The PCR products were cloned into plasmid
vectors and five to six independent clones were sequenced.
As shown in Fig. 2, the bisulfite sequencing showed good
concordance with the results of COBRA. In samples found to
be methylated by COBRA (case II-6 and Maska-98), extensive
methylation across the CpG islands was noted, whereas the
samples (case III-8 and U-266) in which methylation could not
be detected by COBRA showed no or little methylation at
CpG sites of the BMP6 promoter region.

Association of BMP6 promoter methylation with transcrip-
tional gene silencing. To elucidate whether the aberrant
methylation of BMP6 is associated with loss of BMP6 expres-
sion, we analyzed expression of BMP6 transcripts by RT-PCR
with cycle numbers that amplified the 5-actin cDNA to plateau
levels. Representative results are shown in Fig. 3A. MM
samples with little BMP6 promoter methylation expressed
BMP6 mRNA transcripts, whereas samples with BMP6
promoter methylation (for example, cases 1I-6 and Maska-98)
had barely detectable BMP6 mRNAs. These results suggested
that the BMP6 promoter methylation correlated with loss of
BMP6 expression.

Restoration of BMP6 expression by a demethylation agent. To
confirm that the loss of BMP6 expression was due to promoter
methylation, Maska-98 cells were incubated in the presence
or absence of 5-aza-dC, and the methylation status and BMP6
mRNA expression were analyzed by COBRA and RT-PCR,
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Figure 2. Methylation patterns of individual bisulfite-sequenced clones of the BMP6 promoter in MM cases and MM cell lines. Genomic DNA was subjected
to sodium bisulfite conversion, PCR amplification, cloning, and cycle sequencing. Five to six clones from each sample were bisulfite-sequenced to obtain a
representative sampling of methylation patterns. Schematic depiction of the CpG islands in the BMP6 promoter region is shown on top. The 37 CpG sites
analyzed are indicated by vertical bars and numbered from left to right. The translation start site is shown by a horizontal arrow. BstUI sites are underlined.
Methylated and unmethylated cytosines are shown by closed and open circles, respectively.
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Figure 3. Analysis of BMP6 expression. (A) Representative results of RT-PCR analysis for expression of BMP6 mRNA in MM cell lines and MM cases.
Samples lacking BMP6 methylation (U-266, delta-47, Fuji-6, case 11I-8, and case I11-9) expressed BMP6 mRNAs, whereas samples with BMP6 methylation
(Maska-98 and case II-6) expressed little BMP6 mRNA. -actin was used as a control for cDNA integrity and PCR reactions. BMP6 methylation-negative
SP-53 with BMP6 mRNA expression and BMP6 methylation-positive Akata cells without BMP6 expression are included as controls. (B) Demethylation of
BMP6 promoter reverses transcriptional silencing. COBRA for BMP6 promoter methylation in Maska-98 cells that were incubated in the presence (+) or
absence (-) of 5-aza-dC, showing partial demethylation in 5-aza-dC-treated cells (B, left panel). The mock (DMSO, solvent for 5-aza-dC) treatment did not
affect the methylation status. Restriction enzyme-undigested and -digested bands were semiquantitated by densitometry, and the calculated percentage of DNA
methylation is indicated below each lane. Molecular size marker (¢pX174/HinclI-cut DNA) is shown on the left. U, unmethylated fragment; M, methylated
fragment. RT-PCR analysis showing methylation-dependent restoration of BMP6 transcripts (B, right panel). 3-actin was used as a control for cDNA integrity

and PCR reactions.

respectively. In the COBRA study, the proportion of methylated
(M) vs. unmethylated (U) products (digested vs. undigested
bands) was semiquantitated using a densitometer to determine
the density of methylation and to compare the percent methyla-
tion before and after 5-aza-dC treatment. The relative percent
methylation was calculated as follows: M/(M + U) x 100 (25).

As shown in Fig. 3B, Maska-98 cells showed methylation of
the BMP6 promoter, but treatment with 5-aza-dC led to partial
demethylation. The mock (DMSO)-treatment did not affect
the methylation status. In parallel with the demethylation,
there was re-expression of BMP6 transcripts, implying that
methylation is associated with transcriptional silencing.
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Discussion

This study investigated the methylation status of the BMP6
promoter in various types of plasma cell proliferative disor-
ders. While BMP6 methylation was not detected in any
samples from MGUS, intramedullary MM, PCL or solitary
plasmacytoma, MEP consistently carried the methylated
BMP6 promoter, as shown in the case studies at both diagnosis
and relapse and in cell line studies. Among the plasma cell
malignancies, there are two particularly aggressive forms of
PCL and MEP that have a very poor prognosis. Compared with
intramedullary MM, organ invasion is common in PCL, while
soft tissue tumors involving head, neck and skin are common
in MEP (2). MEP can be present at the time of initial diagnosis
of MM or develop during the course of disease progression.
A noteworthy characteristic of MEP is the elevated serum
LDH (2,28-32). Several studies have demonstrated that
elevation of LDH levels is associated with the presence of
extramedullary disease, an unusually aggressive course and
short survival in MM patients (2,28-32). It has been proposed
that the prognostic potential of the International MM Staging
System (ISS) could be improved by addition of an item for
high serum LDH (33-37). In fact, our findings showed that the
BMP6 methylation-positive MEP patient samples and cell line
expressed extremely high levels of serum LDH, while other
types of pretreated MM without BMP6 methylation exhibited
normal levels of LDH. Thus, BMP6 methylation together with
elevated LDH could be a molecular marker of MEP and a
predictor of outcome for aggressive MEP.

We showed a loss of BMP6 expression in BMP6 promoter
methylation-positive samples. This transcriptional repression
was reversible by treatment with the demethylating agent
5-aza-dC, suggesting that the methylation is responsible for
the transcriptional silencing. In the realm of hematological
malignancy, we recently reported that BMP6 promoter meth-
ylation and its resultant loss of BMP6 expression were also
found more often in aggressive types of malignant lymphomas
and leukemias (23,24). Considering that we observed a trend
toward BMP6 promoter methylation in aggressive MEP, this
methylation appears to be a common phenomenon in such
‘high-grade lymphoma-like myeloma’. The present study is
the first to implicate in a subset of MMs the methylation and
epigenetic inactivation of the BMP family.

In recent years, there has been considerable interest in the
role of BMPs in tumorigenesis. As with TGF-f, it is thought
that functional impairment by genetic alteration or epigenetic
inactivation of genes involved in the BMP pathway is associ-
ated with tumorigenesis and disease progression in various
types of malignancies (10). To date, more than 20 BMPs have
been characterized and are subdivided, based on amino acid
homology, into several classes such as the BMP2/4 group
and the BMP5/6/7/8 group (38). As for biological actions of
BMPs on myeloma cells, several studies showed roles for
BMP2, BMP4, BMPS5, BMP6, and BMP7 in inhibition of
cell proliferation and induction of apoptosis (17-21). Of these
BMPs, BMP6 is the only BMP expressed by normal and
subsets of malignant plasma cells (21). Recently, Seckinger
et al demonstrated that BMP6 expression is significantly lower
in proliferating myeloma cells and plasmablasts, and that
BMP6 blocks not only proliferation of myeloma cells, but also
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inhibits angiogenesis (21). High BMP6 expression was shown
to be a favorable prognostic factor independent of conventional
prognostic factors; i.e., ISS stage and serum f3,-microglobulin
(21). Therefore, BMP6 is now considered as a putative tumor
suppressor in MM. Thus, it is logical to assume that mainte-
nance of BMP6 expression may exert antiproliferative effects
on myeloma cells, and that the cells of advanced stages of MM
would be expected to lose BMP6 expression. During tumor
progression, the epigenetic loss of BMP6 expression may be
associated with the promotion of myeloma cell proliferation. It
is known that despite producing excess amounts of endogenous
TGF-f, myeloma cells are resistant to TGF-f3-mediated inhibi-
tion of cell growth and induction of apoptosis (39). Recently,
de Carvalho et al reported a loss of TGF-R2 on the myeloma
cell surface because of gene silencing by methylation, and
suggested that this could result in myeloma cell resistance to
the antiproliferative effects of TGF-§3 (40). By analogy with
TGF-p, it seems plausible that the suppression of autocrine
production of endogenous BMP6 by aberrant methylation in
myeloma calls could repress their own BMP6 antioncogenic
pathway, which could be at least one contributing factor in
disease progression. A deeper understanding of the BMP6
signaling pathways will clarify the relevance of BMP6 to MM.

Overall, the present study implies that BMP6 promoter meth-
ylation is not a common event in most MM, but can be found in
aggressive MEP. Recent reports noted a significant increase in
the incidence of MEP (2,28). As patients with MEP have aggres-
sive disease characterized by resistance to therapy, early relapse,
and shorter survival compared with MM patients without extra-
medullary spread, initiation of high-dose chemotherapy at an
early stage is needed (2). The rising incidence of MEP observed
in recent years urges research to identify specific genetic and
epigenetic factors associated with this unique clinical entity. We
trust that our findings shed some light on the pathogenesis of
MEP and stimulate further analyses to dissect whether BMP6
promoter methylation defines a subgroup of extramedullary
MM, and whether it is a useful molecular marker to predict a
poor prognosis and tumor progression in MEP patients who
should be considered for early intensive treatment. In addition,
the use of hypomethylating agents in combination with high-
dose chemotherapy as a novel therapeutic strategy for MEP also
warrants further investigation.
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