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LMO3 Interacts with Neuronal Transcription Factor, HEN2,
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Abstract

LIM-only proteins (LMO), which consist of LMOL, LMO2,
LMO3, and LMO4, are involved in cell fate determination and
differentiation during embryonic development. Accumulating
evidence suggesis that LMOI and LMO2 act as oncogenic
proteins in T-cell acufe lymphoblastic leukemia, whereas
LMO4 has recenily been implicated in the genesis of breast
cancer. However, little is known about the role of LMO3 in
either tumorigenesis or development. In the present study, we
have identified LM0O3 and HEN2, which encodes a neuronal
basic helix-loop-helix protein, as genes whose expression
levels were higher in unfavorable neuroblastomas compared
with those of favorable tumors. Immunoprecipitation and
immunostaining experiments showed that LMO3 was associ-
ated with HENZ in mammalian cell nuclens. Human neuxro-
blastoma SH-SY5Y cells stably overexpressing LMO3 showed a
marked increase in cell growth, a promotion of colony
formation in soft agar medium, and a rapid tumor growth
in nude mice compared with the control transfectants. More
importantly, the increased expression of LMO3 and HEN2 was
significantly associated with a poor prognosis in 87 primary
neuroblastomas. These results suggest that the deregulated
expression of neuronal-specific LMO3 and HENZ2 contributes
to the genesis and progression of human neurcblastoma in a
lineage-specific manner. {(Cancer Res 2005; 65(11): 4587-97)

introduction

The LIM domain-containing proteins are important regulators
in determining cell fate and controlling cell growth and
differentiation during embryonic development (1). The LIM
domain is a highly conserved cysteine-rich zinc finger-like motif
found in a variety of nuclear and cytoplasmic proteins and acts as a
docking site for the assembly of multiprotein complexes (2-4).
However, the precise role of the LIM domain is still unclear. Several
distinct subgroups of the LIM domain-containing proteins are
defined and some of them also possess a functionally divergent
domain, including a DNA-binding homeodomain or a protein
kinase domain (1, 2).

The LIM-only proteins (LMO) are one of the families of the
LIM domain-containing proteins and possess only two tandem
LIM domains. They consist of four members, including LMOI,
LMO2, LMO3, and LMO4 (2, 4). LMOI and LMO2 have been
identified as the genes that are activated in human acute T-cell
leukemia (T-cell ALL) by tumor-specific chromosomal trans-
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locations (4). Transgenic mice overexpressing LMOl or LMO2
developed immature and aggressive T-cell leukemia, suggesting
that these proteins act as T-cell oncoproteins (5-7). On the other
hand, LMO4 has been identified as a nuclear protein that interacts
with the adaptor protein Ldbl (8). It has been shown recently
that LMO4 is highly expressed in primary human breast cancers,
and overexpression of LMO4 inhibits differentiation of mammary
epithelial cells, suggesting that deregulated expression of LMO4
contributes to the breast carcinogenesis (9). LMO4 has also been
reported to be associated with BRCAL to repress its transcriptional
activity (10). Thus, LMO1, LMO2, and LMO4 have been implicated
in tumorigenesis. However, to date, little is known about the
oncogenic function of LMO3, which has been discovered based on
sequence homology with LMO1 (11).

The nuclear LMO proteins, which lack intrinsic DNA-binding
activity, have been considered to be involved in transcriptional
regulation (2), raising a possibility that they alter the transcription
of target genes by forming a complex with other transcription
factors with DNA-binding activity. Indeed, in T-cell acute
lymphoblastic leukemia in children, a basic helix-loop-helix
transcription factor, TALL, is physically associated with LMO1 or
LMO2 and enhances their oncogenic activities (12, 13). Interest-
ingly, the neuronal-specific basic helix-loop-helix transcription
factors, HEN1 and HEN2, were identified based on cross-
hybridization with TALL (14, 15). Their expression was restricted
to the developing nervous system and a human neuroblastoma cell
line. However, the role of HEN1 and HEN2 in tumorigenesis has
long been elusive. )

Neuroblastoma is one of the most common childhood cancers
and is originated from sympathoadrenal lineage of the neural crest
(16). It is clinically and cytogenetically divided into two major
subgroups with favorable and unfavorable prognosis (17). The
recent molecular and cellular analyses have revealed that
amplification of MYCN and DDXI as well as loss of heterozygosity
at the region of chromosome 1p36 are strongly associated with a
poor outcome, whereas high levels of expression of the neuro-
trophin receptors TrkA, CD44, and Fyn, are well correlated with
favorable prognosis (16-23). However, we still do not know many
other genes that play important roles in the genesis and
progression of neuroblastoma. To identify the other genes closely
involved in neuroblastoma, we have constructed several cDNA
libraries from different subsets of neuroblastoma and randomly
cloned 4,200 genes (24). Screening of the genes differentially
expressed between favorable and unfavorable subsets of the tumor
has identified Nbla3267 as one of the genes expressed at higher
levels in unfavorable than favorable neuroblastomas (25).

In the present study, we found that Nbla3267 encoded the
human LMO, LMO3, and that high expression of LMO3 as well as
HEN2 was strongly associated with a poor prognosis of neuroblas-
toma. Furthermore, LMO3 interacted with HEN2 in mammalian
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cell nucleus, and enforced expression of LMO3 in human
neuroblastoma-derived cell line SH-SY5Y markedly enhanced
tumor growth in nude mice, supporting the oncogenic role of
LMO3 in neuroblastoma.

Materials and Methods

Patient population. The RNA samples obtained from 87 patients with
neuroblastoma were subjected to semiquantitative and quantitative real-
time reverse transcription-PCR (RT-PCR) analyses. All patients were
diagnosed clinically as well as pathologically and tested for DNA ploidy,
MYCN amplification, and TrkA expression. Tumors were staged according
to the International Neuroblastoma Staging System criteria (26). Thirty-four
patients were stage I, 14 were stage 11, 8 were stage 11, 26 were stage [V, and
5 were stage IVS. Stages I, II, and IVS were considered as favorable and
stages Il and IV as unfavorable. The patients were treated following the
protocols proposed by the Japanese Infantile Neuroblastoma Cooperative
Study (27) and the Study Group of Japan for Treatment of Advanced
Neuroblastoma (28). The clinical follow-up ranged from 4 to 58 months,
with a2 median of 36 months. We have a precise list of patient
characteristics, including age, stage, and clinical follow-up time, and this
list will be provided upon request.

Cloning of human LMO3, HENI, and HEN2. To obtain a complete
human LMO3 cDNA, a ¢DNA library derived from human fetal brain
(Stratagene, La Jolla, CA) was screened with a **P-labeled Nbla3267 cDNA.
Plaques showing positive signals were picked up and rescreened twice. To
construct the expression plasmid for hemagglutinin (HA)-tagged LMO3-A,
the cDNA fragment encoding the entire LMO3-A protein was amplified
by PCR from the phage clone as a template using the primers designed
to add a synthetic linker encoding the HA epitope on the NH,-terminal
side of LMO3-A (forward 5-GGTACCATGGCTTACCCATACGATGTTCCA-
GATTACGCTAGCCTCTCAGTCCAGCCAGACAC-3 and reverse 5-TCAGA-
TATCATTAGATCAGCGAACCTGGG-3). The PCR product was digested
with Kpnl and EcoRV and subcloned into the identical restriction sites
of pcDNA3 expression plasmid to give pcDNA3-HA-LMO3-A. cDNA enco-
ding human HEN1 (amino acid residues 1-133) or HEN2 (amino acid
residues 1-135) was generated by reverse transcribing total RNA
isolated from neurcblastoma cell line, IMR32, using a forward primer
(5-AAGGAATTCATGCTCAACTCAGACACCATG-3) and a reverse pri-
mer (§-ATAAGAATGCGGCCGCTCAGACGT-3) for HEN1 and a forward
primer (5-AAGGAATTCATGCTGAGTCCGGACCAAGCA-3) and a reverse
primer (5-ATAAGAATGCGGCCGCCTACACGTCCAGGACGTGGTT-3) for
HEN2. The amplified PCR products were digested with EcoRI and Notl
and subcloned into the identical restriction sites of pcDNA3-FLAG
expression plasmid to give pcDNA-FLAG-HEN1 and pcDNA3-FLAG-HEN2.

Generation of a polyclonal anti-LMO3 antibody. The polyclonal anti-
LMO3 and anti-HEN2 antibodies were raised against a peptide “Cys” plus
containing the amino acid sequence between positions 127 and 145 of
LMO3 and the amino acid sequence between positions 1 and 19 of HEN2,
respectively. The peptides and the polyclonal antibodies were produced by
Biologica Co. (Nagoya, Japan).

Cell culiure and trausfection. Human neuroblastoma (SK-N-AS, SH-
SY5Y, NB69, OAN, SK-N-BE, NGP, NLF, IMR32, NB1, and KP-N-NS), ALL
(RPMI, KOPT, HSB, and MOLT), osteosarcoma {OST, SAQS-2, and U20S),
rhabdomyosarcoma (RMS-MK), colon cancer (COLO-320), breast cancer
{MCF-7 and MDA-MB-453), melanoma (G361, G32TG, and A875), thyroid
cancer (TTC11), small cell lung carcinoma (H1299), and cervical cancer
(HeLa) cell lines and COS7 cells were maintained in RPMI 1640 or DMEM
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 TU/
mb penicillin, and 100 pg/mL streptomycin at 37°C in an atmosphere of
5% CO, in the air. For transient transfection, COS7 cells were transfected
with the indicated expression plasmids using FuGene 6 transfection
reagent as recommended by the manufacturer {Roche Molecular Bio-
chemicals, Mannheim, Germany). Stable transfections of SH-SY5Y cells
were done with the empty plasmid (pcDNAS3, Invitrogen, Carlsbad, CA) or
with the expression plasmid for FLAG-tagged LMO3-A using Lipofect-
AMINE Plus transfection reagent according to the manufacturer’s

instructions (Invitrogen). The transfected cells were cultured in the
presence of G418 at a final concentration of 400 pg/mL (Sigma Chemical
Co., St. Louis, MO). Thereafter, the selection medium was replaced every
3 days. Three weeks after the selection in G418, drug-resistant clones were
isolated and allowed to proliferate in medium containing G418.

Reverse transcription-PCR analysis. Total RNA was prepared from
cultured cells and human tissues by using Trizol reagent (Life Technologies,
Grand Island, NY) or the RNeasy Mini kit (Qiagen, Valencia, CA). Reverse
transcription was carried out using random primers and SuperScript I
(Invitrogen). Following the reverse transcription, the resultant cDNA was
subjected to PCR-based amplification. Oligonucleotides used to amplify
LMO3-4, LMO3-B, LMO1, LMO2, LMO4, Ldb1, Ldb2, TALI, HEN1, HEN2, and
giyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNAs were as
follows: LMO3-A: forward 5-~ACTGTGCTTACTGAACGGCCTC-3 and reverse
5-CCGGTCCTTGATCTTTCGGTTG-3; LMO3-B: forward 5-TGCAACTCA-
GACACGCCTAAG-3' and reverse 5-CCGGTCCTTGATCTTTCGGTTG-3;
LMOI: forward 5-GCTCCACCCTCTACACCAAG-3' and reverse 5-
CTGCCCTTCCTCATAGTCCA-3; LMO2: forward 5-AATGCGGGTGAAAGA-
CAAAG-3' and reverse 5-CCCCAAAGTGCCTAAGAGTG-3; LMO4: forward
5-GCAAGGCAATGTGTATCATCT-3' and reverse 5-GCATTCTGCAT-
TACTCTGACC-3; Ldbl: forward 5-CCAGGGAGCAGAAGACAGAA-3 and
reverse 5-AGAGGCCCAGGTTCCAAG-3; Ldb2: forward 5-TAGCC-
CAAGTGCTGAAACAA-3' and reverse 5-TAAACTGCCCACAAAACCAA-3;
TALI: forward 5-GTTCTTAGGCTGCTGGGATG-3 and reverse 5-GATTTGG-
GACTGAGGGAAGA-3; HENI: forward 5-AGAGACTGAGTCGGGCTTCA-3
and reverse 5-CAGGCGCAGAATCTCAATCT-3; HEN2: forward 5-
CCCCAAGGGTTGTGGTTITA-3' and reverse 5-TCTGAACTTCTGCCCT-
CATTCTTT-3; and GAPDH: forward 5-ACCTGACCTGCCGTCTAGAA-3
and reverse 5~-TCCACCACCCTGTTGCTGTA-3. Amplified products were
electrophoretically separated on agarose gels and visualized by ethidium
bromide staining. The gels were photographed under UV illumination.

Northern analysis. A human MTN blot (Clontech, Palo Alto, CA), a
nylon membrane on which poly(A)” RNAs extracted from various human
normal tissues were blotied, was used for analysis of the distribution of
LMO3 expression in human normal tissues. *’P-labeled probe was prepared
by random priming of the 2.5-kb restriction fragment of LM03 c¢DNA. The
membrane was hybridized overnight at 65C in a solution containing 7.5%
dextran sulfate, 1 mol/L. NaCl, 1% N-lauroyl sarcosine, 100 pg/mL heat-
denatured salmon sperm DNA, and the radiolabeled probe. The membrane
was washed twice in 0.5 X 8§5C/0.1% N-lauroyl sarcosine at 50°C. Specific
signals were obtained by autoradiography.

Section in situ hybridization. Section in sifu hybridization was done as
described previously (29). A riboprobe was synthesized with digoxygenin-
UTP and T3 or T7 polymerase (Roche Molecular Biochemicals). The alkaline
phosphatase reaction was done ‘with nitroblue tetrazolinm/5-bromo-4-
chloro-3-indolyl phosphate (Roche Molecular Biochemicals). The riboprobe
used for the section in situ hybridization were transcripts of the human
cDNA fragments of the LMO3 gene.
histochemistry. Neuroblastoma tissues were stained with
immunoperoxidase method using anti-HEN2 antibody. They included
unfavorable neuroblastomas with MYCN gene amplification and favorable
neuroblastomas with a single copy of MYCN gene. Neuroblastoma
specimens were fixed in 10% buffered formalin and embedded in paraffin,
and 3 pm sections were applied to the immunostaining. Before incubation
with anti-HEN2 antibody, the sections were treated with 0.05% Pronase in
0.05 mol/L Tris-HC! (pH 7.6) for 5 minutes. The sections were incubated
with anti-HEN2 antibody, which was diluted to 1:200 at 4°C overnight. The
biotin-streptavidin method (Nichirei, Tokyo, Japan) was done, and the
sections were visualized with diaminobenzidine solution. The nuclei were
counterstained with hematoxylin.

Immunofluorescent staining. COS7 cells were doubly transfected with
the expression plasmids for HA-LM03-A and FLAG-HEN2. Forty-eight hours
after transfection, cells were fixed for 30 minutes with 3.7% formaldehyde in
PBS and permeabilized with 0.2% Triton X-100 for 5 minutes, and
nonspecific epitopes were blocked for 1 hour in PBS containing 3% bovine
serum albumin. The cells were then incubated with a polyclonal anti-HA
antibody (1:200 dilution, Medical and Biological Laboratories, Nagoya,
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beads were then added to the reaction mixtures and incubated for 1 hour at
4°C. The immune complexes were washed with the lysis buffer thrice at 4°C.
The bound proteins were resuspended in SDS sample buffer, resolved by SDS-
PAGE, and analyzed by Western blotting. .

Cell proliferation and soft agar assay. Cells were seeded in triplicate in
24-well plates (5 X 10° per well) in culture medium containing 10% or 1%
FBS. Cells were allowed to adhere to the bottom of the cell culture dish for
24 hours. At the indicated times, cells were trypsinized and cell counting was
carried out using a Coulter Counter (Coulter Electronics Ltd., Hialeah,
Finland). For soft agar assay, 2.5 X 10 cells of the stable transfectants or the
parental SH-SY5Y cells were seeded in triplicate in 35-mm cell culture plates
containing 0.2% agar and RPMI 1640 supplemented with 10% FBS. After
21 days, colonies with diameters >300 pm were scored as positive.

Tumor formation in nude miee. For tumor formation, 6-week-old
female athymic nu/nu mice (Charles River Laboratory, Sulzfeld, Germany)
were injected into the femur with 5 X 10° parental SH-SY5Y cells or SH-
SY5Y cells transfected with the empty plasmid or with the expression
plasmid encoding LMO3-A suspended in 100 pL PBS. Tumor size and body
weight were measured once weekly and mice were sacrificed 7 weeks after
injection. For histologic examinations, tamor tissues were fixed in fresh 10%
buffered formalin and embedded in paraffin. The handling of animals was in
accordance with the guidelines of the Chiba Cancer Center Research
Institute (Chiba, Japan).

Japan) and a monoclonal anti-FLAG antibody (1:50, M2, Sigma Chemical).
After three washes with PBS, cells were stained with a FITC- or a
rhodamine-conjugated secondary antibody (1:200, Invitrogen). The cover-
slips were mounted onto glass slides, and the stained cells were viewed
using a confocal laser scanning microscope (Olympus, Tokyo, Japan).
Western blot analysis and immunoprecipitation. After transfection,
cells were rinsed twice with ice-cold PBS and then lysed immediately with
SDS sample buffer. Equal amounts of proteins were separated under
denaturing conditions by electrophoresis in 15% polyacrylamide gel
containing SDS-PAGE and electrotransferred to polyvinylidene difluoride
membrane (Immobilon-P, Millipore, Bedford, MA). After blocking in a
solution containing 5% skim milk, the membrane was incubated with
a monoclonal anti-FLAG, a polyclonal anti-HA, a polyclonal anti-LMO3, or a
polyclonal anti-actin antibody (20-33, Sigma Chemical) and then incubated
with a horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit
secondary antibody (Jackson ImmunoResearch Laboratories, West Grove,
PA). Protein bands were visualized with an enhanced chemiluminescence
(Amersham Pharmacia Biotech, Piscataway, NJ). For immunoprecipitation,
transfected cells were lysed in EBC buffer [50 mmol/L Tris-HCl (pH 7.5), 120
mmol/L NaCl, 0.5% NP40, 1 mmol/L phenylmethylsulfonyl fluoride]
containing protease inhibitor mixture (Sigma Chemical). The precleared
soluble supernatants were mixed with a polyclonal anti-HA or a monoclonal
anti-FLAG antibody and incubated for 2 hours at 4°C. Protein A-Sepharose
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Figure 1. Identification of human LMO3-A and LMO3-B and their relation to the other LMO family members. A, schematic representation of the exons of human
LMO3 gene. Solid and open boxes, coding and untranslated regions, respectively. B, deduced amino acid sequences of human LMO3-A and LMO3-B and their
alignments with those of human LMO1, LMO2, and LMO4. Asterisks, identical amino acid residues. Two LIM domains are boxed. C, tissue-specific expression

of LMO3. Human muttiple tissue Northemn blots containing poty(A)” RNA were hybridized with a radiolabeled human LMO3 cDNA (top) or with a radioactive probe
derived from human g-actin cDNA (bottorn). -actin was used as a control for equal loading. The 2-kb band was hybridized ubiquitously, and an additional 1.8-kb
band was hybridized in heart and skeletal muscle with the p-actin probe. D, coordinated expression of LMO3-A and LMO3-B in various human tissues. Total RNA
isolated from the indicated human tissues was subjected to RT-PCR analysis to examine the expression levels of LMO3-A, LMO3-B, LMO1, LMO2, and LMO4.
GAPDH expression is shown as an internal control.
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Quantitative real-time. PCR. Total RNA prepared from primary
neuroblastomas was reverse transcribed into ¢DNA (SuperScript II kit)
and subjected to the real-time PCR. The expression level of GAPDH was
measured in all samples to nonmalize LMO3 and HEN2 expression
according to the manufacturer’s instructions (Applied Biosystems, Foster
City, CA). Oligonucleotide primers and TagMan probes, which were
labeled at the 5 end with the reporter dye 6-carboxyfluorescein (FAM)
and at the 3’ end with the quencher dye 6-carboxytetramethylrhodamine
(TAMRA), were as follows: LMO3: forward 5-TCTGAGGCTCTT-
TGGTGTAACG-3,, reverse 5-CCAGGTGGTAAACATTGTCCTTG-3,
and probe 5-FAM-AAACTGCGCTGCCTGTAGTAAGCTCATCC-TAMRA-3
and HEN2: forward 5-CCCCAAGGGTTGTGGTTTTA-3, reverse 5-
TCTGAACTTCTGCCCTCATTCTTT-3, and probe 5-FAM-TTGAGTTCTCC-
TACATTCATCCGCCACAA-TAMRA-3. Amplification and detection were
done using the ABI Prism 7700 Sequence Detection System (Applied
Biosystems).

Statistical analysis. Student’s ¢ tests were used to explore possible
associations between LMO3 expression and other factors. Because the
values of the LMO3 expression were skewed, a log transformation was used
to achieve the normality in the analyses using ¢ test and Cox regression. The
distinction between high and low levels of LMO3 expression was based on
the median value (low, LMO3 < 0.2493 ew; high, LMO3 > 0.2493 eun.)
regardless of tumor stage, MYCN copy number, or survival. The distinction
between high and low levels of HEN2 expression was based on the
distribution of the values (low, undetectable; high, detectable). x? tests were

used to examine possible associations between HEN2 expression and other
factors, such as tumor stage. Kaplan-Meier survival curves were calculated,
and survival distributions were compared using the log-rank test. Cox
regression models were used to explore associations among LMO3
expression, HEN2 expression, age, MYCN amplification, mass screening,
origin, and survival. Statistical significance was declared if P < 0.05. The
statistical analysis was done using Stata Statistical Software Release 7.0
(Stata Corp., College Station, TX, 2001).

Results

Identification of the human LMO3 gene. To identify the
genes specifically involved in the genesis and progression of
neuroblastoma, we have previously constructed c¢DNA libraries
from the primary neuroblastomas and screened for the
differentially expressed genes between the tumors with good
and poor clinical outcome (25). One of the cDNA clones,
Nbla3267, significantly overexpressed in the poor prognostic
neuroblastomas contained a partial nucleotide sequence encod-
ing a LMO family protein, LMO3. To obtain the missing 5 part
of the LMO3 cDNA, we screened a cDNA library derived from
human fetal brain. From ~6 X 10° recombinant phage clones,
10 independent phage clones were isolated. Sequence analysis
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Figure 2, Increased expression of LMO3 and HENZ in unfavorable neuroblastomas and neuroblastoma-derived cell lines. A, expression of LMO3 and
LMO-related genes in primary neuroblastomas with favorable (stage |, a single copy of MYCN and high expression of TrkA) and unfavorable (stages Il and IV,
MYCN amplification and decreased expression of TrkA) characteristics. Total RNA was isolated from the indicated neuroblastoma tissues, reverse transcribed,
and amplified by PCR to examine the expression levels of LMO3, LMO3-A, LMO3-8, LMO1, LMO2, LMO4, Ldb1, Ldb2, TAL1, HEN1, and HEN2.
Expression of GAPDH serves as an internal control. PCR products were visualized by ethidium bromide staining. B, expression of LMO3 and LMO-related genes
in neurcblastoma cell lines without MYCN amplification (SK-N-AS, SH-SY5Y, NB69, and OAN), neuroblastoma cell fines with MYCN ampiification (SK-N-BE,
NGP, NLF, IMR32, NB1, and KP-N-NS), and ALL cell lines (RPMI, KOPT, HSB, and MOLT). Total RNA prepared from the indicated cultured cells was subjected
to RT-PCR analysis. Expression of GAPDH serves as an internal control. C, expression of LMO3 and HENZ2 in various tumor-derived cell lines. Total RNA
prepared from the indicated culture cells was subjected to RT-PCR analysis as described above. D, section in situ hybridization of neuroblastoma with the LMO3
probe. Serial sections of the favorable neuroblastoma tissue (top feft and inset) or the unfavorable one with MYCN amplification (top right and inset) were
prepared, and expression of the LMO3 gene was examined by section in situ hybridization. The LMO3 transcripts are positive in unfavorable neuroblastoma.
Immunohistochemical staining of HEN2 in primary neuroblastoma tissues. HEN2 is strongly positive in the nucleus of most tumor celis with MYCN amplification
(bottom right), whereas it is negative in the favorable neuroblastoma tissue (bottom left).
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Figure 3. LMO3 interacts with HEN2 in mammalian cells. A,

coimmunoprecipitation analysis. COS7 cells were transfected with the indicated expression

plasmids. Forty-eight hours after transfection, whole cell lysates were prepared and subjected to the immunoprecipitation/Western analysis (top and top middie).

Whole cell lysates were monitored on immunoblot for

the expression of FLAG-HEN2 (bottom middle) and HA-LMO3-A (botiom). B, nuclear colocalization of

LMO3 and HEN2 in cultured cells. COS7 cells were cotransfected with the expression plasmids for HA-LMO3-A and FLAG-HEN2. Forty-eight hours after

transfection, cells were fixed and incubated with the polyclonal anti-HA and mono!

clonal anti-FLAG antibodies. Cells were then processed for double

immunofiuorescence using the FITC-conjugated anti-rabbit 1gG (green) and with the thodamine-conjugated anti-mouse 1gG (red). The merged images (yellow)

suggest the nuclear colecalization of LMO3 and HEN2.

The phase-contrast images are also shown. C, coimmunoprecipitation of FLAG-HEN1 and HA-LMO3.

Whole cell lysates prepared from COS7 celis transfected with: the indicated combinations of the expression plasmids were immunoprecipitated with the
anti-FLAG antibody followed by immunoblotting with the anti-HA antibody (top). Levels of FLAG-HEN1 and HA-LMO3 were also examined by immuncblotting with
the anti-FLAG antibody (middle) and with the anti-HA antibody (bottom), respectively.

revealed that they were divided into two types, designated
LMO3-A (145 amino acids) and LMO3-B (156 amino acids), with
the ‘different translation initiation sites. The NHy-terminal region
of LMO3-A was identical to that of the previously reported

LMO3 protein (L1). As shown in Fig. 14, the putative translation
initiation sites of LMO3-A and LMO3-B were located within
exons 4 and 3, respectively. Because LMO3 is a single gene, it is
likely that LMO3-A and LMO3-B arise from differential splicing

Figure 4. Growth-promoting activity of
LMOS3 in SH-SY5Y cells. A, stable
SH-SY5Y transfectants expressing
exogenous FLAG-LMO3-A. SH-SY5Y cells
were stably transfected with the empty
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lysates prepared from the indicated
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parental SH-SY5Y cells were subjected to
Western blot analysis using the anti-FLAG
(top), anti-LMO3 (middle), or anti-actin
(bottomn) antibody. B, RT-PCR analysis of
LMOS3 in the indicated stable transfectants
along with the parental SH-SY5Y cells.
Expression of GAPDH serves as an
internal control. C, effects of LMO3
overexpression on cell growth in SH-SY5Y
celis. SH-SY5Y cells and the indicated
transfectants were grown in the culture
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or alternative promoter usage. Amino acid sequence alignment
of LMO3 with the other LMO family proteins (LMO1, LMO2,
and LMO4) showed a significant homology among them (Fig.
1B). LIM domains of LMO3 presented 98%, 60%, and 55% amino
acid homology with those of LMOI, LMO2, and LMO4,
respectively.

To determine the expression pattern of human LMO3 mRNA,
we did Northern blot analysis on a human multiple tissues blot
using -actin as a control. As shown in Fig. 1C, LMO3 mRNA
(~4 kb) was abundantly expressed in brain and at relatively
low levels in the heart and lung but not in the other tissues
examined. Similar to the adult tissues, LM0O3 mRNA was
expressed predominantly in fetal brain, with a lower lével in
fetal lung. We then compared the tissue distribution of LMO03-4
expression with those of LMO3-B and the other LMO family
gene expression in various human adult and fetal tissues by RT-
PCR (Fig. 1D). The expression pattern of LMO3-4 was similar to
that of LMO3-B, with relatively higher levels in brain, cerebellum,
and fetal brain. In contrast, LMO2 and LMO4 were expressed
ubiquitously in human tissues, and LMOI was expressed at
higher levels in spleen and fetal brain.

Expression of LMO3 and HENZ in aggressive neuroblasto-
mas. As described previously, LMO family protein interacts with
the nuclear LIM domain-binding protein 1 and 2 (Ldbl and
Ldb2), which act as adaptors for several LIM domain-containing
proteins (30-32), and also binds to the basic helix-loop-helix
transcription factor, TALL, to regulate its transcriptional activity
(12, 33, 34). Of interest, HEN1 and HEN2 were previously
identified based on their homology with TAL1, and it was shown
that LMO3 was associated with HEN1 (35). Furthermore, TAL1
was coexpressed with LMO! or LMO2 in T-cell ALL (36), and
double transgenic mice overexpressing TALL and LMO1 or
LMO2 developed leukemia (37). As shown in Fig. 24, LMO3 (A
and B) and HEN2 were expressed at higher levels in unfavorable
neuroblastomas compared with favorable tumors, whereas the
levels of LMOI expression were predominantly high in the
favorable tumors. No significant changes in the expression levels
of LMO2, Ldbl, and Ldb2 were detected between unfavorable
and favorable neuroblastomas. LMO4, TALI, and HENI showed
extremely low levels of expression in both types of neuroblas-
toma. We then studied the expression of these genes in 10
neuroblastoma and 4 T-cel ALL cell lines to examine the
presence or absence of the lineage speéiﬁcity, neuronal or
hematopoietic. Consistent with the previous reports (36), LMO2
and TALI were coexpressed in T-cell ALL-derived cell lines
(RPM1, KOPT, HSB, and MOLT; Fig. 2B). However, of interest,
LMO3 and Ldb2 were expressed predominantly in neuroblasto-
ma cell lines compared with the leukemia-derived lines. In
addition, HEN2 tended to be less highly expressed in leukemia
cells compared with neuroblastoma cells. HENI expression was
also restricted to neuroblastoma but limited to only a few cell
lines. On the other hand, there was no difference in the
expression of LMO4 and Ldbl between neuroblastoma-derived
and T-cell ALL-derived cell lines. Interestingly, coexpression of
LMO3 and HEN2 was observed in the majority of neuroblastoma
cell lines but not in the other tumor-derived cell lines with
different origin (Fig. 2C). These results revealed that only LMO3
and HEN2 were expressed at high levels in aggressive
neuroblastomas in a neuronal-specific pattern.

Figure 2D shows the results of in situ hybridization for LMO3
in primary neuroblastomas. ZM0O3 mRNA was expressed in a
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Figure 5. Tumor growth in nude mice. A, nude mice were injected s.c. with

5 % 10°% of SH-SYS5Y cells or the indicated stable transfectants and tumor
volumes were estimated weekly. Points, mean of 8 to 11 independent tumors.
B, photographs of the tumors 49 days after s.c. injection of V-2 (left) and
LMO3-15 cells (right) into nude mice. C, paraffin sections of the tumors arising
from V-2 (left) and LMO3-15 cells (right) were stained with H&E.

stage IV neuroblastoma with MYCN amplification, whereas it
was negative in a stage I tumor with a single copy of MYCN and
high expression of TrkA. Unfortunately, our antibody raised
against human LMO3 protein did not work for the immunohis-
tochemical analysis. The immunostaining of HEN2 was also
strongly positive in the nuclei of most tumor cells in MYCN-
amplified neuroblastoma, albeit it was negative in favorable
subset of the tumor (Fig. 2D).

LMO3 physically interacts with HEN2. Because LMO3 and
HEN2 were coexpressed in the majority of unfavorable
neuroblastomas as well as neufoblastoma cell lines, we examined
whether LMO3 could interact with HEN2 in mammalian cells.
Whole cell lysates prepared from COS7 cells transfected with the
expression plasmids for HA-tagged LMO3 and FLAG-tagged
HEN2 were immunoprecipitated with the anti-HA or with the
anti-FLAG antibody followed by immunoblotting with the anti-
FLAG or with the anti-HA antibody, respectively. As shown in
Fig. 34, FLAG-HEN2 was coimmunoprecipitated with HA-LMO3.
We then examined the subcellular distribution of LMO3 and
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HEN2. COS7 cells were cotransfected with the expression
plasmids for HA-LMO3 and FLAG-HEN2 and double stained
with anti-HA and anti-FLAG antibodies. As shown in Fig. 3B,
LMO3 as well as HEN2 appear exclusively nuclear. On closer
inspection by merging two images, these two proteins colocal-
ized in the nucleus. Consistent with the previous reports (35),
HA-LMO3 was coimmunoprecipitated with FLAG-HEN1 under
our experimental conditions (Fig. 3C).

Overexpression of LMO3 accelerates growih of SH-SY5Y
neuroblastoma cells. We addressed the question whether LMO3
could induce cell growth of neuroblastoma. To this end, we
transfected the expression plasmid for FLAG-LMO3-A or the empty
plasmid into SH-SY5Y neuroblastoma cells and established two
stable transfectants overexpressing FLAG-LMO3-A (named as
LMO3-15 and LMO3-20). As shown in Fig. 44, the expression
levels of FLAG-LMO3-A were higher in LMO3-15 and LMO03-20 cells
than in the parental SH-SY5Y and the control transfectants (V-2
and V-12). LMO3-15 expressed FLAG-LMO3-A at the level
comparable with that in LMO03-20. Similar results were also
obtained by RT-PCR analysis (Fig. 4B). No obvious morphologic

changes could be observed in LMO3-15 and LMO03-20 cells (data
not shown). As shown in Fig. 4C, LMO3-15 and LMO03-20 cells
proliferated at a much faster rate than the control transfectants
and SH-SY5Y cells in culture medium containing 10% serum. More
importantly, LMO03-15 and LMO3-20 cells continued to grow
exponentially even in the low serum culture medium, whereas the
growth of the vector-transfected cells as well as SH-SY5Y cells was
significantly suppressed under this condition.

To examine whether the LMO3-A-overexpressing cells have an
ability to grow in soft agar medium, each transfectants were
cultured in soft agar medium for 3 weeks. The numbers of colonies
with diameters >300 pm formed by each transfectants in soft agar
were scored. LMO3-15 and LMO3-20 cells formed large distinct
colonies and showed a statistically significant increase in the
number of colonies compared with the vector-transfected cells and
SH-SY5Y cells (Fig 4D). These results strongly suggest that
overexpression of LMO3 is sufficient to induce malignant
transformation in neuroblastoma cells. We also tried to obtain
the cells stably transfected with HEN2 but never been successful
with unknown reason.
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LMO3 induces marked tumor growth in nude mice. SH-
SY5Y cells with a single copy of MYCN form tumors in nude mice,
although the growth rate is slow compared with that of the other
neuroblastoma cell lines with MYCN amplification (38). To examine
whether overexpression of LMO3 in SH-SY5Y cells could affect the
tumor growth in vivo, we injected the each transfectants into the
left flank of athymic nude mice, and the tumor volumes were
measured weekly. V-2 and V-12 cells slowly formed tumors with
similar kinetics and of similar sizes 35 to 42 days after injection
(Fig. 54). In contrast, the tumors grew rapidly in nude mice
implanted with LMO3-15 or LM03-20 cells. The sizes of the excised
tumors from the LMO3-15-implanted mice on day 49 were >10-fold
larger than those of control mice (Fig. 58) and showed
histologically undifferentiated neuroblastoma with small round
cell shapes and small amounts of stromal components (Fig. 5C).

Expression of LMO0O3 and HEN2 is associated with a poor
outcome of meuroblastoma. To verify whether a significant
relationship could be observed between the expression of LMO3
and/or HEN2 in primary neurcoblastomas and the patients’
survival, we quantitatively measured the expression levels of
LMO3 and HEN2 mRNA in 87 primary tumors by using a
quantitative real-time RT-PCR. The values of the levels of LMO3
and HEN2 expression were normalized to that of GAPDH
expression [relative expression values (REV)]. The high level of
LMO3 expression was significantly associated with high expres-
sion of HEN2 (Student’s ¢ tests, mean + SE: 143 + 0.27 REV, n
= 48 versus 0.54 + 0.17 REV, n = 39; P = 0.001), older age (>1-
year-old: 1.37 £ 0.29, n = 32 versus <l-year-old: 0.84 + 0.21, n =
55; P = 0.008), advanced disease stages (stages I + IV: 1.83 +
0.35, n = 34 versus stages I + II + IVS: 0.52 = 0.14; P < 0.00005;
Fig. 64), low levels of TrkA expression (low TrkA: 1.63 + 0.34, n
= 37 versus high TrkA: 059 £ 0.15, n = 50; P = 0.0003), MYCN
amplification (amplification: 1.91 £ 0.4, n = 27 versus single copy:
064 £ 013, n = 60; P = 0.0002), and sporadic cases of

Model Factor P Hazard ratio
(95% confidence
interval)
A LMO3 expression <0.0005 1.80 {1.32-2.47)
(high vs low)

B HEN2 expression 0.004 869 (2.00-37.7)
(high vs low)

c Age (21 vs <l y) <0.0005  B8.75 (2.87-26.7)

D MYCN amplification <0.0005  0.049 (0.014-0.171)
(1 copy vs >1 copy)

E Mass screening (+ vs —) 0001  0.032 (0.004-0.237)

F Origin 020 206 (0.684-6.23)

(adrenal gland vs others)

NOTE: All variables with two categories, except LMO3 expression (log).
Hazard ratio shows the relative risk of death of first category relative to
the second. Because all patients with advanced tumor stages and low
expression of TrkA had died of the tumor, a Cox regression model with
the tumor stage or TrkA expression was not fitted.

Model Factor P Hazard ratio
(95% confidence
interval)
A LMO3 expression 0.005 1.61 (1.16-2.23)
(high vs low)

HEN2 expression 0029 532 (1.19-23.9)
(high vs low)

B LMO3 expression 0.005 162 (1.15-2.28)
(high vs low)

Age (>l vs <ly) 0002 579 (1.86-18.1)

C LMO3 expression 0.066  1.36 (0.98-1.89)

(high vs low)
MYCN amplification <0.0005 0.075 (.02-.282)
(1 copy vs >1 copy)
D LMOS3 expression 0044 142 (1.01-2.01)
(high vs low)
Mass screening (+ vs —) 0005  0.051 (0.007-0.404)
E LMOS3 expression <0.0005 178 (1.31-2.41)
(high vs low)
Origin 021 202 (0.666-6.12)
(adrenal gland vs others)

NOTE: All variables with two categories, except LMO3 expression

(log). Hazard ratio shows the relative risk of death of first category

relative to the second. )

neuroblastoma (sporadic: 1.68 + 0.32, n = 39 versus mass screening;
051 X 0.14, n = 48; P < 0.00005). The high level of HEN2 expression
was also significantly correlated with high expression of LMO3
(x? tests: P = 0.001), older age (P < 0.0005), advanced stages
(P < 0.0005; Fig. 6B), low TrkA expression (P < 0.0005), MYCN
amplification (P < 0.0005), and sporadic cases of neuroblastoma (P <
0.0005). Thus, high expression of LMO3 and HEN2 was well
associated with conventional markers indicating the poor progno-
sis of neuroblastoma.

We next tested if expression levels of LMO3 and HEN2 could
have prognostic significance in primary neuroblastomas. The
results for log-rank tests showed that high expression of LMO3
or HEN2 was significantly associated with poor survival (P =
0.0002 and 0.0005, respectively; Fig. 6C and D). Remarkably, the
combination of high expression of both IMO3 and HEN2
showed the significantly worse prognosis compared with the
other combinations of LMO3 and HEN2 expression levels as
shown in Fig. 6E. As expected, older patients and the patients
with advanced tumors, low expression of Trkd, amplified MYCN,
and the tumors found by mass screening were associated with
short time to survival (P < 0.00005). However, the adrenal origin
of the tumor was not associated with the outcome (P = 0.19;
data not shown).

The univariate analysis suggested that LMO3 expression
(P < 0.0005), HEN2 expression (P = 0.004), age (P < 0.0005), MYCN
amplification (P < 0.0005), and mass screening (P = 0.001) were of
prognostic importance, supporting the results of the log-rank test
(Table 1). Furthermore, the multivariate analysis showed that
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LMO3 expression was significantly associated with survival after
controlling HENZ expression (P = 0.005), age (P = 0.005), mass
screening (P = 0.044), and origin (P < 0.0005), suggesting that
LMO3 expression was an independent prognostic factor from the
other factors (Table 2). LMO3 expression was marginally
associated with survival after controlling MYCN amplification
(P = 0.066). On the other hand, because HEN2 expression was
highly associated with age, MYCN amplification, and mass
screening, it was not significantly associated with survival after
controlling age, MYCN amplification, and mass screening in the
corresponding multiple Cox regression models (data not shown).

Discussion

In the present study, we have identified that both LMO3 and
HEN2 are expressed at higher levels in aggressive neuroblasto-
mas especially with MYCN amplification than those with
favorable prognosis. Coexpression of LMO3 and HEN2 has been
observed almost exclusively in neuroblastoma cell lines, not the
other lines, suggesting that their expression and function are
neuronal specific. Furthermore, LMO3 physically interacted with
HEN2 in mammalian cells. The functional significance of LMO3
expression was shown by a stable transfection into SH-SY5Y
neuroblastoma cells, colony formation in soft agar, and tumor
growth in nude mice, all of which have suggested that LMO3,
probably by interacting with endogenous HEN2, markedly
promotes the tumor growth. Indeed, the tumors with high
expression of both LMO3 and HEN2 have shown the worst
prognosis in the analysis of 87 primary neuroblastomas. Thus,
our results suggested that, in concert with HEN2, the neuronal
specifically expressed LMO3 plays an important role in the
tumorigenesis of neuroblastoma. Our observation is strikingly
intriguing because that LMOI or LMO2 is already known to be
the oncogene in T-cell acute lymphoblastic leukemia and that
LMO4 has recently been implicated in the genesis of breast
cancer (4, 9). »

We have identified a Nbla3267/LMO3 clone from the screening
of differentially expressed genes between favorable and unfavor-
able subsets of neuroblastoma. LMO3 was one of the genes
expressed at higher levels in the latter than the former (24), like
MYCN oncogene and DDXI, a DEAD box gene coamplified with
MYCN in aggressive neuroblastomas. In the development of
hematopoietic system, LMO1 and LMO2 form a transcriptional
complex with Ldbl, a LIM domain-binding protein, and a basic
helix-loop-helix protein TALl, which was -identified as an
oncogene at the translocation breakpoint in T-cell ALL (4-7).
From the analogy with the LMOl or LMO2 transcriptional
machinery in T-cell ALL, we searched for the similar complex in
the neuronal system by using the different subsets of primary
neuroblastoma and the cell lines in comparison with the T-cell
ALL cell lines. As a result, the neuronal-specific pattern of
expression was observed in LMO3, Ldb2, HENI, and HEN2,
among which LMO3 and HEN2 were significantly highly
expressed in the unfavorable subset of neuroblastomas with
MYCN amplification compared with the favorable subset. This
result strongly suggested that LMO3 may function in collabora-
tion with HEN2 in advanced stages of neuroblastoma. Indeed,
both genes were coexpressed only in neuroblastoma derived-cell
lines, not in other tumor-derived ones, suggesting that their
expression is lineage specific. Furthermore, LMO3 and HEN2

physically interacted in mammalian cells, albeit with weak
interaction between LMO3 and HENI1 (35). Thus, these results
also suggest that LMO3 and HEN2 form a neuronal cassette
mimicking the hematopoietic complex composed of LMO2 and
TAL1 and regulate the growth of neuroblastoma.

The neuronal-specific basic helix-loop-helix transcription fac-
tors, HEN1 and HEN2, were originally identified from the cDNA
library of a neuroblastoma cell line based on cross-hybridization
with TAL1 (14, 15). Their expression was resiricted to the
developing nervous system and a neuroblastoma cell line.
However, their function has long been unclear. Recently, Bao
et al. have reported that HENL interacts with LMO proteins
by yeast two-hybrid screen and that Xenopus HEN1, in concert
with XLMO3, is a critical regulator of neurogenesis (35). This
prompted us to test our hypothesis both in vitro and in vivo. As the
results, we found that the SH-SY5Y neuroblastoma cells
stably overexpressing LMO3, presumably by acting with endo-
genous HEN2, gained rapid cell growth in the culture medium with
10% or 1% serum, in the soft agar medium, and in nude mice.
These suggested that LMO3 is a neuronal-specific oncogene in
neuroblastoma, without any rearrangement of the LMO3 gene
(data not shown). However, we failed to establish a stable SH-SY5Y
cell line transfected with HEN2. It is presumed that overexpression
of HEN2 might have caused cell death or growth arrest in the cells,
albeit the reason is elusive.

The double transgenic mice overexpressing LMO2 and TALL
displayed a more rapid development of leukemia compared with
those overexpressing LMO2 alone, suggesting that LMO2 and
TAL1 act synergistically through their complex formation in the
development of leukemia (13). Of note, Ono et al. reported that
IMO2 and TAL! act as cofactors for GATA3 to induce the
expression of the retinaldehyde dehydrogenase 2 gene in T-cell
ALL (39). On the other hand, a stable complex comprising LMO?2,
TAL1, and GATAl was required to promote erythroid differen-
tiation (32). Therefore, LMO3 and HEN2 may also form a nuclear
complex, including family members of GATA to regulate cell
growth and differentiation in neuroblastoma. Our preliminary
data have suggested that GATA2, GATA3, GATA4, and GATAG are
highly expressed in neuroblastoma cell lines, among which
GATA4 and GATA®6 are predominantly coexpressed in neuroblas-
toma cell lines compared with T-cell ALL lines. Thus, LMO3 and
HEN2, in collaboration with GATA and Ldb families, may play a
role in determining cell fate in both neural development and
neuroblastoma genesis, although this hypothesis needs to be
elucidated. Recently, it has been shown that LMO3 enhanced the
ability of HENI through the physical interaction to transactivate
the expression of Neurogenin-l as well as NeuroD and thereby
induced the neuronal differentiation in frog embryos (35). We
tested if this is the case in the neuroblastoma cells. However, our
preliminary results suggested that the LMO3/HEN2 complex does
not transactivate the Neurogenin-1 as well as NeuroD promoter in
neuroblastoma cell lines,” although it is unclear if the complex
could work in normal neuronal development. Thus, like LMO2,
alterations in the LMO3-containing transcriptional complex
might differentially regulate expression of the downstream target
genes closely involved in neuronal differentiation or tumor
formation.

¢ Unpublished data.
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It is striking that high levels of expression of both LMO3 and
HEN2 are significantly associated with the poor prognosis in
primary neuroblastomas. This clearly reflects how importantly
both genes are ﬁmdtioning in the progression of neuroblastoma
in vivo. Of interest, expression of either gene is well correlated with
MYCN amplification, raising the possibility that they might be the
downstream targets of MYCN. However, we could not confirm it in
human neuroblastoma cell line SH-EP in which MYCN was
regulated under the control of the rTet-inducible expression
system (40). In agreement with this, cDNA microarray-based
screening for the genes induced in the MYCN-amplified neuro-
blastoma cells thus far failed to detect either LMO3 or HEN2
(41, 42). The link between LMO family molecules and the other
oncogenes or tumor suppressor genes is also important. Despite
the lack of prognostic significance, LMO4 overexpressed in breast
cancer seems to be indispensable in the mammary carcinogenesis
because it interacts with both BRCAl and CtIP to repress the
BRCAL1 function (10). This suggests that, similarly to LMO4, LMO3
may also have the interacting partners related to the tumori-
genesis. Thus, LMO3 and HEN2 as well as their associated
molecules might be good candidates for the future targets of the
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Aberrant methylation of FBN2 in human non-small
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Summary FBN2, alarge modular extracellular matrix glycoprotein, is known to be
a key component of human elastic fiber. A loss of FBNZ expression due to promoter
methylation was recently identified in pancreatic cancer. We examined FBNZ expres-
sion by reverse transcription PCR and aberrant methylation of FBNZ by methylation
specific PCR in lung cancer cell lines. Aberrant methylation of FBN2 was present in
55% (6 of 11) of non-small cell lung cancer (NSCLC) cell lines, but it absent in small
cell lung cancer cell lines. The concordance between loss of expression and aberrant
methylation of FBNZ was 88% (14 of 16) in the cell lines. FBN2 expression was restored
after treatment with the demethylating agent, 5-aza-2'-deoxycytidine in all six cell
lines tested that lacked FBNZ expression. Among primary NSCLC, 49% (62/126) of
cases had FBN2 methylation, but only 7% (5/69) of the corresponding nonmalignant
lung tissues had it. Although FBNZ methylation was detected even in patients with
early stage disease, it occurred frequently in large tumors (p=0.022), with nodat
metastasis (p=0.037), or with advanced stages of NSCLC (p=0.014). Methylation
and silencing of FBNZ2 in tumor cells may play an important role in carcinogenesis,
invasion, and metastasis of NSCLC.

© 2005 Elsevier ireland Ltd. All rights reserved.

1. Introduction

* Corresponding author. Tel.: +81 43 222 7171x5464; it is well known that genetic abnormalities of proto-
fax: +81 43 226 2172, oncogenes and tumor suppressor genes (TSGs) are
E-mail address: suzumako@ral.so-net.ne.jp (M. Suzuki). frequently involved in lung cancer pathogenesis.
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The mechanism for inactivation of TSGs is gradu-
ally becoming more clearly understood. Epigenetic
inactivation of certain TSGs by aberrant promoter
methylation is frequently observed in lung can-
cer and seems to play an important role in the
pathogenesis of this cancer [1—4]. In addition, the
study of the loss of heterozyosity (LOH) which is
also involved in the carcinogenesis of lung cancer,
showed that correlations between LOH on different
chromosomes suggested previously unknown ge-
netic interactions for lung cancer development [5].
So, whereas the DNA methylation of multiple genes
has been studied in lung cancer [6—8], further
studies of epigenetic alternation are still needed
to clarify fully the biological mechanism of lung
cancer.

Fibrillin 2 (FBN2), an extracellular matrix pro-
tein, is associated with elastic fibers in several
tissues and is believed to serve as a ligand for
alphavbeta3 integrin, the latter being a known
morphogen. FBN2 was first expressed in the
mesenchyme and at the epitheliomesenchymal
interface. Latter, its expression was intensified
and was confined around the tracheobronchial
airways. Fibrillin-2 antisense oligodeoxynucleotide
can induce dysmorphogenesis of the lung ex-
plants. FBN2 plays a key role in lung development
[9].

Recently, the loss of FBNZ expression due to
promoter methylation was identified in pancreatic
cancer cell lines by means of high-throughput
microarray analysis [10]. Of the 12 genes silenced
by methylation of 5 regions, FBN2 was methy-
lated in about 75% of the samples, which is a
much higher proportion than for the other genes.
This gene maps to 5q23-g31, a locus frequently
showing allelic imbalance in lung cancer, and was
speculated to act as a TSG [5]. This prompted
us to examine the methylation status of FBNZ
in lung cancers. We examined methylation by
methylation specific PCR (MSP), and the mRNA
expression of FBN2 by reverse transcription PCR
(RT-PCR), in lung cancer cell lines, and analyzed
the methylation status of primary lung cancers, and
then correlated this with the clinico-pathological
features.

2. Materials and methods

2.1. Cell lines and clinic samples

Eleven non-small cell lung cancer (NSCLC) and five
small cell lung cancer (SCLC) cell lines were used
in this study. These cell lines were established and
provided by Dr. Adi F. Gazdar of University of Texas

(UT) Southwestern Medical Center. Cell lines having
the prefix NCI were established at the National
Cancer Institute, while those with the prefix HCC
were established at UT Southwestern Medical
Center. They were grown in RPMI-1640 medium
supplemented with 5% fetal bovine serum and
incubated in 5% CO, at 37°C. Nonmalignant human
bronchial epithelial cells (NHBEC) were cultured
as reported previously [11], and normal tracheal
RNA was obtained from Clontech (Palo Alto,
CA).

Surgically resected specimens of 126 patients
with primary lung cancer and 69 adjacent lung
tissues were obtained from Chiba Cancer Center,
Japan, after obtaining Institutional Review Board
approval and informed consent had been granted.
Samples were immediately frozen and stored at
—-80°C until used. The clinical characteristics of
these patients are detailed in Table 1.

2.2. RNA preparation and RT-PCR

FBN2 mRNA expression was examined by RT-PCR.
Total RNA was obtained from these cell lines
(NHBEC, 11 NSCLC and 5 SCLC cell lines) by the
single-step method. The reverse transcription
reaction was performed on 5 pg of total RNA with
the SuperScript N First-Strand Synthesis using
oligo(dT) primer System (Life Technologies Inc.),
and aliquots of the reaction mixture were used for
the subsequent PCR amplification. Expression of
B-actin was used as an internal control to confirm
the success of the reverse transcription reaction.
The forward PCR amplification primer of FBN2
was 5'-GGCGAGGACAGCAGGAC-3/, and the reverse
primer 5-TGATATTTGCCCACTGGAACA-3'.  The
forward PCR amplification primer of B-actin was
5/-CAACTGGGACGACATGGAGA-3', and the reverse
primer 5- ACGTACATGGTGGGGTGTTG-3'. These
primer sequences were identical to the human
target genes as was confirmed by BLAST searches.
PCR products were analyzed on 2% agarose gels
stained with ethidium bromide. NHBEC and normal
tracheal cells were used as normal controls for
RT-PCR.

2.3. 5-Aza-2'-deoxycytidine (5-Aza-CdR)
treatment

Six tumor cell lines with negative gene expression
were incubated in culture medium with 1 M of the
demethylating agent 5-aza-dC (Sigma-Aldrich, St.
Louis, Mo) for 6 days, with medium changes on days
one, three and five. Cells were harvested and RNA
was extracted at day 6.
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2.4. DNA preparation, bisulfite
modification and MSP

Genomic DNA was obtained from lung cancer
cell lines, cultured nonmalignant cells, primary
tumors and adjacent nonmalignant tissues by
digestion with proteinase K (Life Technologies,
Inc.), followed by phenol/chloroform (1:1) ex-
traction [12]. One microgram of genomic DNA was
further subjected to bisulfite treatment follow-
ing the protocol of the EZ DNA Methylation Kit
(Zymo Research). The modified DNA was used as
a template for MSP. DNA methylation patterns in
the CpG island of FBN2 were determined by the
method of MSP as reported previously [10]. Primer
sequences of FBN2 for the unmethylated reac-
tion were: 5-TATGGGAAT -TTGTTGAGTTTTGT-3’
(sense), and 5-AACCAACAACCCCAAACA-3' (anti-
sense), which amplify a 171bp product. Primer
sequences of FBN2 for the methylated reaction
were: 5-GGGAATTCGTCGAGTTTTGC-3' (sense),
and 5-AACCGACAACCCCGAACG-3  (antisense),

which amplify a 168bp product. Universal Methy-
lated DNA (Chemicon, CA) which was subjected to
bisulfite treatment was used as a positive control
for methylated alleles. Controls without DNA were
included in each assay. Nine microlitre of each
PCR product was loaded on 2% agarose gels stained
with ethidium bromide. Results were confirmed by
repeating the bisulfite treatment and MSP for all
samples.

2.5. Statistical analysis

The differences of methylation between the two
groups were analyzed by using Fisher’s exact
test. Survival was calculated from the date of
initial diagnosis until death or the date of the last
follow-up. Survival was analyzed, according to the
Kaplan-Meier method, and differences in their dis-
tribution were evaluated by means of the log-rank
test. A probability value of p less than 0.05 was
regarded as statistically significant. All Ps are two-
sided.
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Fig. 1 (A) Representative examples of RT-PCR assay for FBN2 RNA expression in NSCLC and SCLC cell lines. Expression
of B-actin was used as a control for cDNA normalization. NHBEC and trachea were used as positive controls; NC,
negative control. [NS], NSCLC; [S], SCLC. Lanes that do not show a band represent samples with loss of expression.
(B) Methylation analysis of FBN2 in cell lines. Lane U, amplified product with primers recognizing an unmethylated
sequence (171-bp PCR product); Lane M, amplified product with primers recognizing a methylated sequence (168-
bp PCR product). PC, positive control; NC, negative control. C, reexpression of FBN2 after treatment with 5-Aza-
2'-deoxycytidine (5-Aza-CdR). The expression of FBNZ lost in those cell lines can be restored after treatment with
5-Aza-CdR. —, cell line without 5-Aza-CdR; +, cell line with 5-Aza-CdR; NHBEC was used as the positive control. (D),
Representative examples of methylation analysis of FBNZ in tumor specimens. N, nonmalignant lung tissue; T, tumor.

3. Results

3.1. Expression of FBN2 in cell lines

FBN2 expression was examined by RT-PCR, and
representative examples are shown in Fig. 1.
Expression of FBN2 was present in NHBEC and
normal trachea. However, loss of FBNZ expression
was observed in 50% (8/16) of lung cancer cell

lines, respectively, in 64% (7/11) of NSCLC cell
lines, and in 20% (1/5) of SCLC cell lines.

3.2. Aberrant methylation of FBN2
in cell lines

Detailed results of the aberrant methylation of
FBN2 in cell lines are showed in Fig. 1. Aberrant
methylation was absent in NHBEC, but was observed
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in 38% (6/16) of lung cancer cell lines, in 55%
(6/11) of NSCLC cell lines, but in no SCLC cell lines.
Only two cell lines (NCI-H524 and HCC15) demon-
strated loss of expression and lack of methylation
of FBN2. The concordance between gene expres-
sion and methylation of FBN2 was 91% (10/11) in
the NSCLC cell lines, and 80% (4/5) in the SCLC cell
lines (overall concordance: 88%).

3.3. 5-Aza-CdR treatment

To confirm that the promoter methylation was re-
sponsible for silencing the FBN2 expression, we
treated methylated NSCLC cell lines (HCC366,
HCC827, NCI-H1299, NCI-H2087, NCI-H2122, and
NCI-H2887) that showed loss of FBN2 expression
with the demethylating agent 5-Aza-CdR. FBN2 ex-
pression was restored after the treatment in all six
cell lines tested (Fig. 1).

3.4. Aberrant methylation of FBN2
in primary lung cancers

FBN2 methylation of primary tumors and corre-
sponding nonmalignant tissues are detailed in
Table 1 and representative samples are illustrated
in Fig. 1. FBN2 methylation was observed in
49% (62/126) of tumors, but in only 7% (5/69)
of corresponding nonmalignant tissues. Methy-
lation was tumor-specific when compared with
that of corresponding nonmalignant lung tissue
(p <0.0001).

FBN2 methylation with clinico-pathological fea-
tures was also examined. There were no significant
correlations in gender, age, smoking history (ever
versus never smoked). The aberrant methylation of
FBN2 gene was present in 53% (49/92) cases of ade-
nocarcinoma, and in 37% (11/30) of the squamous
cell carcinoma cases. The difference between
these results is not significant (p=0.09). Because
the number of squamous cell carcinomas and other
histologies was small, we carried out a further study
on the whole population of patients, unclassified
by histology. The frequency of FBN2 methylation
was higher in the later T stages (T2, 3, 4) than in
T1 (p=0.022), higher in the later N stages (N1, 2,
3) than in NO (p=0.037), and in the later stages (i,
i1, V) than in stage | (p=0.014). However, FBN2
methylation status did not correlate with survival
(p=0.37, log-rank test). The Cox proportional haz-
ards model was also used to evaluate the effects of
FBN2 methylation with other explanatory variables
on survival time, but the FBN2 methylation was
not a significant independent factor (data not
shown).

4. Discussion

Tumor invasion is one of the earliest steps in the
multistep process of metastasis and is character-
ized by cancer cells invading and breaking the
basement membrane or other components of the
extracetlular matrix. Therefore, alteration of the
extracellular matrix molecule is important for the
development of malignant tumors [13]. FBN2, a
large modular extracellular matrix glycoprotein
found in many vertebrate organ systems, is known
to be a key component of elastic fiber. Recently,
Hagihara et al. demonstrated that FBN2? is fre-
quently methylated in pancreatic cancer [10].
However, there is no report on the role of FBN2 in
lung cancer. To understand the role of FBN2 gene in
lung cancer, we examined the expression of FBNZ.
it was expressed in tracheal cells, and cultured air-
way epithelial cells, whereas the lung cancer cell
lines showed a loss of 50% of the expression. Treat-
ment with 5-Aza-CdR restored the expression of the
gene in RT-PCR-negative cell lines, indicating that
methylation is a major mechanism of transcrip-
tional silencing of the gene. Also, tumor-specific
methylation of FBN2 gene was present in 49% of
NSCLC. Although other mechanisms for disruption
of the extracellular matrix exist, such as inactiva-
tion of laminin5-encoding genes [14--16] or over-
expression of matrix metalloprotienases [17,18],
aberrant methylation of FBN2 may be one of those
participating in the process of tumor progression.

In our study, two cell lines showed a loss FBN2 ex-
pression with a lack of aberrant methylation. This
may have been due to other mechanisms of inac-
tivating TSGs, such as loss of heterozygosity, point
mutations, and homozygous deletions [19]. Also, we
found FBN2 methylation in some of the matched
nonmalignant lung tissues. Possible explanations for
detecting methylated alleles in the nonmalignant
lung tissues are that they may represent prema-
lignant changes [20], or be related to age [21] or
smoking [22].

In this study, 49% of FBN2 methylation was associ-
ated with an increase in tumor size, lymph node in-
volvement, and advanced stages. Although further
study will be required in order to understand the
role of FBN2 in the pathogenesis of advanced lung
cancer, our data suggested that it is advantageous
for tumor invasion and metastasis to downregulate
FBN2 gene of cancer cells. There are several re-
ports about the correlation between the aberrant
methylation of TSG and the progression of lung
cancer [23,24]. FBN2 may be added to the list of
progression associated methylation genes of lung
cancer because of the high frequency of methy-
lation correlated significantly with progression. To
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our knowledge, this is the first report that demon-
strating the methylation of FBN2 promoter in lung
cancer and the correlation between FBN2 methyla-
tion and lung cancer progression.

Our data did not show a significant associa-
tion between FBN2 methylation and patient sur-
vival. The lack of significance in the relationship of
methylation to survival outcome may result from
the limited number of patients taking part in our
study, or on other factors.

in conclusion, we demonstrated frequent inacti-
vation of FBN2 gene through aberrant methylation
of the promoter in NSCLC cell lines. We also found
methylation of FBN2 frequently in primary NSCLC; it
correlated with the progression of the tumor from
early to late stage disease. Aberrant methylation
of FBNZ gene appears to be an important factor
in the pathogenesis of invasive NSCLC. Our find-
ings of a frequent acquired tumor-related epige-
netic alteration favor the candidacy of FBNZ as a
TSG.
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OBITUARY
Professor Yoshiaki Tsuchida, MD, PhD (1936-2005)

Dr. Yoshiaki Tsuchida, a pediatric surgeon whose
research focus was pediatric oncology, died on June 28th,
2005 at the age of 68 after a prolonged illness terminating
in liver failure. At the end, he was surrounded by his loving
wife, Mineko, and sons, Yasuaki and Naoaki.

Dr. Tsuchida was born on October 25th, 1936, in Osaka,
Japan, and entered the University of Tokyo, Faculty of
Medicine, in 1955 where he became an avid tennis player.
After graduation in 1961, and a l-year internship, he
elected surgery for his future career and joined the
Department of Surgery at the University of Tokyo. There,
he met Prof. Masanobu Ishida, a pioneer in Japanese
pediatric surgery, and he decided to make that his special
field of concentration. After receiving his Ph.D. degree, he
continued his investigations of the clinical import of
alpha-fetoprotein (AFP) assays in pediatric solid tumors
including teratomas and hepatoblastomas. This work
resulted in his publication important quantitative data
relevant to the normal serum levels of AFP in infants that
decline rapidly after birth. This landmark work has been
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frequently cited the literature and has been of great utility
at the bedside.

Dr. Tsuchida was appointed Assistant in Surgery in
1967, an Instructor of Pediatric Surgery in 1969, and a
Lecturer of Pediatric Surgery in 1975 in the University of
Tokyo Hospital. He then moved to the National Children’s
Hospital in Tokyo in 1985 as the Head of the Department
of Surgery. He returned to the University of Tokyo
Hospital as Professor and Chairman of the Department of
Pediatric Surgery in 1991. There, his research group
established a series of transplantable neuroblastoma
xenografts in nude mice, which were used to screen
candidate clinical anti-cancer reagents. He was the leader
of the nation-wide Japanese Neuroblastoma Study Group
also for a long time, and was honored as its President to
convene the 32nd Annual Meeting of the Japanese Society
of Pediatric Surgeons in 1995.

One year before his expected retirement from the
university, he was invited to become the Director of
Gunma Children’s Medical Center in Gunma prefecture,
Japan. He continued his research work there, where his
inspiring example stimulated young clinicians to under-
take clinical research that can be termed “medical science
at the bedside” . For example, Dr. Hitoshi Ikeda, one of his
trainees absorbed these teachings and published the first
reports of the increasing incidence of hepatoblastoma in
low-birth-weight babies. These observations, first made in
Japan, have been confirmed both in U.S.A. and Europe.

Unlike many academic leaders in Japan, Dr. Tsuchida
never worked in foreign countries. He encouraged his
trainees, however, to gain experience abroad and bring
back to Japan what they learned. Dr. Tsuchida saw this as a
means of enriching Japanese pediatric oncology, a policy
that has had ample rewards as the literature will attest.

Dr. Tsuchida himself wrote more than 220 papers in
English, along with 151 other original articles and 16 book
chapters. Amazingly, he presented 118 papers at interna-
tional meetings where he was very active and exerted a
profound world-wide influence. Together with Dr. Tadashi
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