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Cloning and Characterization of EphA3 (Hek) Gene Promoter: DNA Methylation
Regulates Expression in Hematopoietic Tumor Cells

By Mirella Dottori, Michelle Down, Andreas Hiittmann, David R. Fitzpatrick, and Andrew W. Boyd

The Eph family of receptor tyrosine kinases (RTK) has
restricted temporal and spatial expression patterns during
development, and several members are also found to be
upregulated in tumors. Very little is known of the promoter
elements or regulatory factors required for expression of Eph
RTK genes. In this report we describe the identification and
characterization of the EphA3 gene promoter region. A
region of 86 bp located at —348 bp to —262 bp upstream from
the transcription start site was identified as the basal pro-
moter. This region was shown to be active in both EphA3-
expressing and -nonexpressing cell lines, contrasting with
the widely different levels of EphA3 expression. We noted a

promoter. Using Southern blot analyses with methylation-
sensitive restriction enzymes and bisulfite sequencing of
genomic DNA, sites of DNA methylation were identified in
hematopoietic cell lines which correlated with their levels of
EphA3 gene expression. We showed that EphA3 was not
methylated in normal tissues but that a subset of clinical
samples from leukemia patients showed extensive methyl-
ation, similar to that observed in cell lines. These results
suggest that DNA methylation may be an important mecha-
nism regulating EphA3 transcription in hematopoietic tu-
mors.

© 1999 by The American Society of Hematology.

region rich in CpG dinucleotides downstream of the basal

HE EPH RECEPTOR FAMILY is the largest subfamily of describe the EphA3 gene proximal promoter and identify one
receptor tyrosine kinasésThe receptors can be divided mechanism that may regulate EphA3 transcription. The full
into 2 groups, EphA and EphB, based both on sequenceharacterization of a 1.4-kb genomic fragment containing exon
similarities of their extracellular domains and their ability to 1 and 8 upstream sequence of EphA3 gene is described. This
bind to either the glycosyl-phosphatidyl-inositol (GPI)-linked fragment encodes the EphA3 core promoter region and contains
ligands (ephrin-A ligands) or the transmembrane ligandsan area rich in CpG dinucleotides downstream of the promoter.
(ephrin-B ligands), respectively.These molecules display Southern analyses and bisulfite genomic sequencing show a
dynamic temporal and spatial expression patterns during embrygsorrelation between the state of DNA methylation within the
genesis, and several studies have suggested that they may plag@aG-rich region and the levels of EphA3 gene expression in
role in early tissue patterning evedtéMany Eph receptors and various hematopoietic cell lines and in clinical tumor samples.
ligands are expressed in the developing nervous system, anthese findings suggest that DNA methylation is a major
both in vitro and in vivo studies have shown that theseregulator of EphA3 transcription in hematopoietic tumors.
molecules function in axon guidance and fasciculati®&ome
receptors and ligands are also highly expressed outside the MATERIALS AND METHODS
nervous system, for example in endothelium, where they appear Cell culture. Cell lines were maintained in either Dulbecco’s
to be involved in cell growth and migratidf:1? modified Eagle’s medium (DME) or Roswell Park Memorial Institute
The human EphA3 (Hek) receptor was first isolated from amedium (RPMI-1640) supplemented with 0.01 mol/L NaCl, 0.02 mol/L
pre-B leukemic cell line (LK63). In normal human tissues, NaHCQ; 1 mmol/L sodium pyruvate, 0.1 g/L streptomycin, 0.06 g/L
EphA3 mRNA is not detectable by Northern blot anal{fsié penicillin, 5% to 10% fetal calf serum (FCS) (CSL Laboratories,

but can be detected by reverse transcript lvmer h IiDarkviIIe Victoria, Australia) in a 10% Cgair incubator at 37°C. The
ut can be detected by reverse transcriptase-polymerase ¢ 6LR63 and Lila-1 cell lines were derived as descriB&d subclone of

rea.Ct'on (RT-PCR) in thymus Iymphgcytes, bone marrow, andy,e tetraploid-variant LK63 cell line that had been selected for
brain (J. Olsson, A. Boyd, unpublished results, Novemberexpression of higher EphA3 receptor numbers was used for the EphA3
1994). The receptor is found in lymphoid tumor cell lines expression studies. Other lines were obtained from the American Type
including the human T-cell lines Jurkatt, JM, HSB-2, and Culture Collection (ATCC; Manassas, VA).

Molt-4.1314 From the tumor cell lines examined, the gene
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Peripheral blood samples.Blood was taken from patients at mL of wash buffer (0.15 mol/L lithium chloride, 10 mmol/L Tris pH 7.5,
diagnosis or relapse after appropriate informed consent. The heparirt mmol/L EDTA, 1% SDS) was added. The polytARNA was eluted
ized blood obtained was separated on Ficoll Hypaque (Amershamfrom the column with 3 mL elution buffer (2 mmol/L EDTA, 0.1% SDS)
Pharmacia Biotech AG, Sweden) gradients and the mononucleaand then precipitated and resuspended in DEPC-treaf®d H
fraction was isolated and prepared for flow cytometric analysis and The 5-AmpliFINDER RACE kit (Clontech, Palo Alto, CA) was used
DNA preparation. to determine the transcription start site of the EphA3 gene. EphA3
Flow cytometric analysis (FCA). Cell-surface expression of EphA3 c¢DNA was synthesized from 2 pg poly+ARNA isolated from LK63
was assessed by indirect immunofluorescence with the 111.A4 (1851, cells using an antisense EphA3-specific primer (P1 or P2). An
antibody as previously describéd.Samples were analyzed on a AmpliFINDER anchor primer and an EphA3-specific nested primer
FACScan (Becton Dickinson, Mountain View, CA) or a Coulter Profile (P2, P3, P4, or P5) were used to amplify from the anchor-ligated EphA3
(Coulter, Hialeah, FL). cDNA. The primer sequences are: P1 CCCATGTGATGGATAAGA-
Determination of EphA3 receptor number on cell lineé nonradio- GATCC, P2 CATTGGAAGGCTGCGGAATC, P3 CATGCCACTGAT-
active method to determine receptor numbers on LK63 cells wasGTGAG, P4 AGAGCGGGATGGCACGCAG, and P5 CCAGAGCT-
developed using microbeads (Quantum Simply Cellular; Sigma, Syd-GCTCGGG. The PCR reaction was analyzed by electrophoresis on a
ney, Australia). These beads have a defined number of antigenic site€38% TBE agarose gel. PCR products were excised and purified with
(goat anti-mouse Ig antibody) for mouse monoclonal antibodiesglass milk following the GENECLEAN Il procedure (BIO 101, Vistar,
(MoAbs). This allowed calculation of the fluorescence/protein ratio of CA). The purified single DNA band was then either directly sequenced
the Ill.A4 antibody and, thus, estimation of receptor number from flow using EphA3-specific primers or subcloned into pPGEM-T (Promega)
cytometric estimation of total fluorescence of labeled cells. Flow and sequenced using vector primers.
cytometry of cells labeled with the anti-EphA3 MoAb 1lIA.4 was used  Deletion constructs of '5upstream EphA3. The EphA3 genomic
to quantitate the number of EphA3 receptors on the surface of cell linesragment was used as a template to synthesize various truncated PCR
(as per manufacturer’s directions). For Scatchard analysis, purifiegoroducts and develop a series of deletion reporter gene constructs. The
I11.A4 antibody was radioiodinatéfland the analysis was performed as primers used for amplification were &&ntisense primer (TAGGCTAG-
previously describeé CAAGGAGACCGGGTGGGA) that bound at the transcription start
Quantitative PCR. Total RNA was extracted from 2 million cells site in conjunction with different’ssense primers that bound at varying
using RNAzol (Advanced Biotechnologies Ltd, Surrey, UK) and then distances within the EphA3 gene upstream flanking sequence (see Fig
diluted to a concentration of 50 ng/mL, and 1-pL aliquots were used as 8). Arestriction site foSad was contained within each upstream primer
template in a 50-pL PCR reaction. Amplification of EphA3 and GAPDH and the downstream primer containeBglll site to facilitate subclon-
cDNA were performed using the Perkin and Elmer Tagman kit ing of the amplified product. The PCR fragments were digested with
(Melbourne, Australia). Contaminating DNA was removed by substitut- Sad andBglll and inserted into the multiple cloning region of the basic
ing dUTP for dTTP and treating the reaction mix with uracil N- pGI2 luciferase expression construct (Promega) previously digested
glycosylase before PCR amplification. The EphA3 primer sequencesvith the same enzymes. These deletion constructs were sequenced for
were 8 GCACAACAGGTGACTGGCTTAAT 3 and B CATCTGTG- verification of no PCR errors. The nomenclature used for each deletion
GAAATCTTGGCTATTG 3. The EphAS3 fluorigenic probe sequence construct shown in Fig 3 indicates the number of bases of upstream
was 3 CCGGACAGCACACTGCAAGGAAATCT 3. The GAPDH 5'-flanking sequence relative to the transcription start site.
primers and probe were provided by the manufacturer. The cycling Transient transfection and luciferase assay$he 293T cells were
reaction was performed on an ABI Prism 7700 sequence detectiotransiently transfected using a lipid carrier, LipofectAMINE (GIBCO-
system (Perkin-Elmer, Melbourne, Australia). Cycling parameters wereBRL, Melbourne, Australia), and Raji cells were transfected by
50°C for 2 minutes, 60°C for 30 minutes, and 95°C for 5 minutes, electroporation. The assay times for the 293T cells and Raji cells were
followed by 45 cycles of 94°C for 20 seconds and 62°C for 1 minute. 48 and 24 hours, respectively. These times were determined to ensure
Three replicates of each sample were analyzed. that the cells recovered from the transfection procedure and that protein
Isolation of the 5-region of the EphA3 gene.A 12.4-kb genomic  synthesis would occur.
clone containing exon 1 of EphA3 gene was isolated from screening a Forty-eight hours before LipofectAMINE transfection, cells were
humanh FIX Il genomic library (Stratagene, La Jolla, CA). The EphA3 plated in 6-well plates (Nunc, Roskilde, Denmark) at a density &f 2
probe used for screening corresponded to thenfranslated and signal  10° cells per well grown in the above standard conditions. The cells
sequence which together spanned the first 186 bp of EphA3 cBNA. were then rinsed twice with serum-free culture media, the media was
From this clone, a 1.4-kBad fragment was subcloned in&ad sites of removed, and DNA/LipofectAMINE mix was added (1 mL/well). The
pGEM-7 (Promega, Sydney, Australia) and sequenced using the stadNA/LipofectAMINE mix was made in serum-free media and incu-
dard techniques (Applied Biosystems Inc, Foster City, CA). The bated for 45 minutes at room temperature before adding to the cells. The
genomic fragment contained exon 1 of the EphA3 gene includingmix consisted of 1 pg luciferase construct plasmid, 0.1 pg PSV-
5'-flanking sequence. galactosidase plasmid (Promega), and 4 pL LipofectAMINE per well.
Isolation of poly ArRNA and amplification of hEphA3 mRNA 5 Cells were incubated for 4 hours at 37°C and 10%G®d then FCS
terminus from EphA3 cDNA. Total RNAwas isolated from LK63 cells  (10% per well) and FCS-containing media were added to each well and
using the protocol as describ&iTo extract poly A+RNA, a pellet of incubated for 48 hours in the standard conditions. For electroporation,
total RNA (0.5 to 1 mg) was resuspended in 1 mL TES buffer (10 logarithmically growing Raji cells were harvested, washed once with
mmol/L Tris-HCI pH 7.6, 5 mmol/L EDTA, 1% sodium dodecyl sulfate phosphate-buffered saline (PBS), and resuspended in culture medium
[SDS])). A column of 50 mg oligo dT cellulose type 38 Inc, Boulder, without FCS at a density of X 107 cells per transfection. A BioRad
CO) was made in 1 mL 0.1 mol/L NaOH, per milligram of total RNA. GenePulser (BioRad Laboratories, Hercules, CA) and 0.4-cm electrode
The column was neutralized with several volumes of diethyl pyrocarbon-gap cuvettes were used for electroporation. Cells and DNA (10 pg
ate (DEPC)-treated #0. The RNA was heated to 70°C for 3 minutes luciferase construct plasmid and 5 pg pB\Galactosidase plasmid)
and then immediately placed at 4°C. Lithium chloride was added to thevere mixed in a 0.5-mL suspension within the cuvette and pulsed at 280
RNA to a final concentration of 0.5 mol/L and then added to the columnV/960 puFD. The cells were then incubated in 5 mL culture media for 24
bed. The column was vortexed, allowed to settle, and 3 mL of loadinghours.
buffer (0.5 mol/L lithium chloride, 10 mmol/L Tris pH 7.5, 1 mmol/L Luciferase activity was measured using the luciferase assay system
EDTA, 1% SDS) was added. After the elution of the loading buffer, 3 (Promega). Briefly, cells were lysed in 100 pL cell lysis buffer
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(Promega) and 20 pL used for luminometry in a Lumat LB 9501 nested cycling reaction was 12 cycles of 96°C for 30 seconds, 60°C for
(Berthold Australia, Bundoora Victoria, Australia) and 20 pL used for 30 seconds-0.5°C per cycle), and 72°C for 1 minute, followed by 30
assayingB-galactosidase activity to monitor transfection efficiencies. cycles of 96°C for 30 seconds, 54°C for 30 seconds, and 72°C for 1
Activity of B-galactosidase was measured using an assay that measurgsnute. PCR products were purified using a GENECLEAN kit and
the cleavage of 4-methylumbelliferi-D-galactoside (MUG) (Sigma) sequenced directly using PCR primers with dye terminator cycle
by B-galactosidase to yield the fluorescent molecule 4-methyumbellifer-sequencing reagents (Applied Biosystems Inc).

one (MU). Briefly, 10% volume of cell lysate (20 pL) was added to 430

pL of Z buffer (60 mmol/L NaHP Oy, 40 mmol/L NabPQ,, 10 mmol/L RESULTS

KCI, 1 mmoliLMgSQ). A stock solution of 30 mmol/lL MUG in  petection of EphA3 expression in cell linesTable 1
dimethylformamide was freshly diluted 1:10 with Z buffer and 120 pL summarizes analysis of EphA3 expression in human hematopoi-

of this 3 mmol/L solution was added to diluted cell extract. The cell __. . . -
solution was protected from light and incubated at 37°C for 1 to 6 hours.Etlc cell lines derived from FCA, from quandtative PCR, and

The reaction was stopped with the addition of 400 L stop buffer (300fr9m estimates of receptor numb_er determined by the_Quantum
mmol/L glycine, 15 mmol/L EDTA). Fluorescence of cell samples and M'CrObead Assay (QMA). To val!date the latter technique, we
MU standards were measured using a TKO 100 Mini-Fluorometerfirst needed to show that the anti-human EphA3 (1l1A4) MoAb
(Hoeffer Scientific Instruments, San Francisco, CA). Three transfecbound only 1 site on the EphA3 molecule. Scatchard analysis
tions of each construct plasmid were used in every assay. with 11A4 had been used previously to show that the original
Preparation of genomic DNA and genomic Southern blot analysesLK63 cell line expressed 15,000 receptors per ¥elh these

Genomic DNA was isolated from mononuclear cells isolated asstudies, an LK63 cell subline selected for high expression by
described above. The mononuclear cells were washed and the cell pellgipy cytometry (LK63hi) was used (A.W.B., unpublished data,
resuspended in 1 mL lysis buffer (100 mmol/L Tris.HCI pH 85 5 January 1996). We compared the microbead method with
mmol/L EDTA, 0.2% SDS, 200 mmol/L NaCl, 100 ug proteinase gqaichard analysis to determine the receptor number per cell on
K/mL) and rotated for 2 hours or overnight at 55°C. Equal volume of the high expression LK63hi cell line and on Raji cells. On the
isopropanol was added to the solution and gently mixed to precipitat(iK63hi cells, Scatchard analysis detected 74,000 recéptors per

the DNA. The precipitated DNA was washed twice with 70% ethanol . .
and dissolved in 100 piL to 500 pL TE. cell (data not shown), which compared well with the QMA

Genomic DNA (5 to 10 pg) was digested for 4 hours or overnight in a €stimation of 78,000 binding sites per cell. Raji cells were
40-pL restriction enzyme mix. The digests were electrophoresediegative for EphA3 expression by both techniques.
through 0.8% TBE agarose gels containing 500 ng/mL ethidium Several T-cell lines were also shown to express EphA3 at
bromide and vacuum blotted onto Zetaprobe membrane (BIO-RAD)high levels. Molt-4 displayed 16,900 and JM displayed 6,800
with 0.25 mol/L HCI for 20 minutes and then 0.4 mol/L NaOH for 4 receptors per cell, in reasonable agreement with the 9,500
hours at 50 millibar. After transfer, membranes were rinsed in 2X Sscreceptorslcell for the JM cell line determined previously by
and dried at 80°C. The membrane filters were prehybridized at 42°C irScatchard analysi.HSB-2, which expressed EphA3 weakly,
50% formamide, 10X Denhardt’s soluti@h0.05 mol/L Tris-Cl pH 7.5, had been shown to express approximately 1,000 receptors by

1.0 mol/L NaCl, 2.24 mmol/L tetra-sodium pyrophosphate, 1% SDS, . .
10% dextran sulfate, and 0.1 mg/mL sheared, heat-denatured herrin?catChard analysig.No EphA3 expression was detected in the

sperm DNA. The cDNA probe was radioactively labeled by random -cell line HPB-ALL; in the myeloid lines HL60, U937, and
priming (Stratagene) and purified from unincorporated nucleotide on a

Nuctrap column (Stratagene). The heat-denatured probe was added to Table 1. Analysis of EphA3 Expression in Human
the prehybridization solution (X 10° cpm/mL) and the membranes Hematopoietic Cell Lines
hybridized at 42°C for 16 hours. Washes were performed at 68°C in— —

) ematopoietic QMA Real-Time
0.1X SSC, 0.1% SDS for 1 hour and in 0.1X SSC, 0.5% SDS for a Cell Line Cell Lineage FCA (no./cell) PCR*
further 30 minutes. Filters were exposed to autoradiography film -
overnight at—70°C, or placed in a phosphoimager cassette for 4 hours. HPB-ALL Teell (thymfc) B <240

Bisulfite modification of genomic DNAGenomic DNA was ex- HSB-2 T cell {thymic) = 1,070t 0.02
tracted from human blood and tumor cell lines using the protocol ™ Teell * 6,800 011
outlined above. DNA (1 pg) was then bisulfite-treated using the Jurkat Teell * NT
procedure as describ@d23 Modified DNA was subsequently purified MOLT4 Teell + 16,900
using a GENECLEAN kit (BIO 101) as recommended by the manufac- LILA- Pre-8 B <240
turer, then desulfonated by incubating in a final concentration of 0.3 LK63 Pre-B ++ 78,000 10
mol/L NaOH at 37°C for 20 minutes. Modified, desulfonated DNA was Na_l_m ! Pre-B B NT
then precipitated and resuspended in a volume of 20 wOdidr PCR Raji B cell . B <240 <0.001

HL60 Myelo-monocytic - <240

analyses. The two primers used for the first PCR reaction were 5 R Mvel .
GTTAGATTTAGTAAAAAGTTATGATATT 3’ and 5 CCTAACT- C2a yelo-monocytic  — <240

TACCTTCATTAAAAAACTAC 3. The PCR reaction was in a total 3237 m"”‘fytic _ oo
volume of 50 pL and consisted of 20 uL bisulfite-modified DNA, 100 ng egakarocytic = 8,300
K562 Erythroid — <240

of each primer, 2.0 mmol/L MgCl, 100 umol/L dNTPs, and 1 U Taq
polymerase with the appropriate reaction buffer supplied by the EphA3expressionand receptor number (no.) per cell was measured
manufacturer. The cycling reaction was 10 cycles of 96°C for 30using FCA and QMA. EphA3 expression by FCA is shown as being
seconds, 68°C for 30 secondsi°C per cycle), and 72°C for 1 minute, either strongly positive (++), positive (+), weakly positive (*), or
followed by 30 cycles of 96°C for 30 seconds, 58°C for 30 seconds, anchegative (—).

72°C for 1 minute. A second nested PCR reaction was performed using *Real-time PCR was used to estimate the relative amount of EphA3
20 pL of the first PCR reaction and the same reaction mix as abovenRNA in selected cell lines; results are normalized to the content in
except using the primers’ 5GTTAGATTTAGTAAAAAGTTAT- LK63 cells.

GATATT 3’ and 83 ACTAACAATCCATATTACTAATAC 3'. The tReceptor number for HSB-2 taken from Wicks et al, 1992.14
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5 S S 5 Materials and Methods). The most grimer (P1) was used in
] I| first-strand cDNA synthesis from preparations of poly-A

MRNA from an EphA3-expressing pre-B tumor cell line, LK63.

7 kb 1.4 kb 4 kb After ligation with an anchor sequence, the cDNA was ampli-

fied with the nested'3rimers and a sense primer directed to the
anchor sequence (Fig 2). These products were subcloned and
Fig 1. A schematic representation of the human genomic clone sequenced using vector primers. Sequence analysis was used to
isolated from A FIX Il genomic library. Exon | (black box) of the show that these products had the sarhéeBminal sequence,
hEphA3 gene is within a 1.4-kb Sacl fragment (arrow) that was g0 4ing a1—264 bp upstream from the first coding methionine
subcloned and fully sequenced for further analyses. Sacl sites are . L X
denoted as S. (Fig 2). No further 5 upstream sequence was amplified using
other combinations of first-strand/nested primers, P1/P4, P1/P5,
RC2a; or in the pre-B cell line Lila-1. These results correlatedand P2/P4. These results indicate that the TIS of EphA3 gene
well with previous qualitative estimates derived from inspectionbegins at—264 bp upstream from the translation start site
of flow cytometry results and Northern analydgs!in addi- identified in the published EphA3 cDNA sequeri¢e.
tion, results obtained from quantitative real-time PCR showed a |dentification of the minimum’Segulatory region required
very good correlation of mMRNA content with receptor number for EphA3 gene transcription. To identify the regions required
for JM, HSB2, LK63, and Raji cell lines (Table 1). . for transcription activity of the EphA3 gene, a series of chimeric
Isolation of the 5-region of the EphA3 gene.To investigate  ¢onstructs containing different lengths of tHeflanking region
the great variation in EphA3 expression in different hematopoi-gf the EphA3 gene were fused to the luciferase pGL2 reporter
etic tumor lines, the Supstream regulatory region of the EphA3 gene (Fig 3). The 3ends of all inserts extended to the TIS and
gene was isolated and characterized. A 12.4-kb genomic cIonﬁ,]e longest construct extended to the énd of the 1.4-kb

containing exon 1 of EphAS gene was isolated from screening ?ragment. The deletion mutants were transiently expressed by

hur_nan)\ FIX Il genomic library with an N-'Fermlnal prqb(_e cotransfection of individual constructs with the p8@&al
derived from the EphA3 cDNA sequence (Fig 1). Restriction . o . .
vector. Luciferase activity was normalized fegalactosidase

map analyses of the clone found exon 1 to be contained withina ™ ) .
1.4-kb Sad fragment. The 1.4-kbSad fragment was then activities, and the mean value results of independent experi-

subcloned intoSad sites of pGEM-7 and fully sequenced. ments are shown in Fig 3. Two human cell lines, the 293T cells

Sequence analysis showed the genomic fragment to contai‘l”_\nd Raji cells, were used in these experiments. Raji is a B-cell
exon 1 of the EphA3 gene with Slanking sequence and 30 bp line that does not express EphA3 (Table 1), whereas, by
of intron 1. Exon 1 consists of foncoding sequence and the Northern analysis, 293T cells show a moderate level of EphA3
first 98 bp of the coding region. expression (Fig 4). No results were obtained from the LK63 line
Identification of EphA3 transcription initiation site.A 5’  as, despite trying several methods of transfection, no transfec-
RACE PCR technique was used to locate the transcriptiorfion was achieved. As the levels of EphA3 expression in 293T
initiation site (TIS) of EphA3. Nested EphA3 specific antisensecells were comparable to other EphA3 expressing hematopoi-
primers close to the’send of the mRNA were synthesized (see etic lines, such as the HEL and JM cell lines (Table 1), the 293T

-

CGGAAAATCACTGTGCCAGATCTAGTAAAAAGCCACGATACCATTGGGTGTGGAAATGCA -398
GAGACCCTCTGATTCAGGCTGTGTATTAGTGTCTTTCTGAATCACAAAGAACTCATGGAG -338
AGTTATGATCACATTGAACACAGTAAAGGAATAACTATAATCATTTTTTTCAATTATACA -278
AACATGATTGACTTTTTAACGAAAGACTGCTATTCTTTAAAAACACACGTTTCTCTCGCA -218
TTTCAGTTCCTTTTGCACTCACATTGCCATATGATACTCCTATCAAGGCTGTGATTTCTT -158
CGGTGAATTAAGCAACAGAGCATGGATAGCAAACAATAAAACAGCTACTTTTCATGCAAC -93

ACAAAAGAGGGAGCATTTTTCTCAGCACCGCGGCCTCATCACATCTTCTGTGTTTCCTGT -38
*
CCCATGGGCGACGCCCCCACTCCCACCCGGTCTCCTTCCCGAGCAGCTCTGGGCTGCAGA 23
PS5
GCCAGCTGCGTGCCATCCCGCTCTGCTTCAGCGCACGCTGAAGACGGCACTAGGACCCAG o3
P4
GGAAGTCCCCGAGCGGGGTTCGCGGAAAGGCAGCCAGACTCCTCCTTATCTCCAGTGTCA 143 Fig 2. Nucleotide sequence of exon 1 and 5’
flanking sequence of the human EphA3 gene. Num-
bering of nucleotides is relative to the transcription
CTCACATCAGTGGCATGCTTCATGGAGATATGCTCCTCTCACTGCCCTCTGCACCAGCAA 265 IMitiation site (bolded and below the asterisk) as
b3 determined by RACE PCR. For the coding part of
M D C QL $ I L L LILGSCSV LDZESF G exon 1, the amino acid sequence is given above the
CATGGATTGTCAGCTCTCCATCCTCCTCCTTCTCAGCTGCTCTGTTCTCGACAGCTTCGG 323 hucleotide sequence in the one-letter code. The
consensus GT of the splice donor is noted (below
E L I P @Q P 8 N E A triangle). The positions of primers (P2-P5) used to
GGAACTGATTCCGCAGCCTTCCAATGAAGCTAAGCCAGGTACCGCGACGCACGGAGCTC 383 identify the transcription initiation site are under-
P2 lined.

AACTTGACATCAGCCTGCGAGCGGAGCATGGTAACTTCTCCAGCAATCAGAGCGCTCCCC 203
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Fig 3. Promoter activity of the 5’ region of the EphA3 gene and
various deletion mutants. On the bottom is a schematic representa-
tion of the EphA3 gene 5’ region. The various genomic fragments
were cloned as PCR products 5 to the luciferase reporter. The
numbering is relative to the transcription initiation site (0). Luciferase
activities of each transfected construct were normalized to 3-galacto-
sidase activities. Each transfection was assayed at least 3 times and
the mean values are shown on the graph (error bars indicate sample
standard deviation).
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to —260 bp reduced the promoter activity to almost background
levels. These data suggest that the region containing EphA3
gene core promoter extends te346 bp from the TIS. The
sequence of this region was analyzed using a database search
program (ANGIS) for matches with known transcription factor
binding sites. No consensus promoter elements, including TATA
or CCAAT boxes, were identified. In all cases, the same level of
basal promoter activity was observed in both 293T and Raji cell
lines, despite the marked difference in endogenous EphA3
expression.

Analysis of DNA methylation state of thé &gion of the
EphA3 gene in hematopoietic cell linedn seeking an explana-
tion for the marked differences in expression level despite the
apparently constitutive activity of the basal promoter, we noted
that the region surrounding the TIS was CpG-rich. One
important mechanism in regulating gene expression is methyl-
ation of the cytosine ring within the CpG sequence found
associated with the promoter or coding regions of the géne.
The CpG distribution within the 1.4-kb genomic fragment was
statistically analyzed as described by the method of Gardiner-
Garden and Frommer (Fig 5). In this analysis, a CpG-rich
region is defined as stretches of DNA in which both the moving
average of percent G- C is greater than 50 and the moving
average of observed/expected CpG is greater than 0.47. Using
these parameters, a significant CpG-rich region was locdted 3
to the EphA3 core promoter region, starting from abe@60
bp upstream from the TIS and extending into the first intron

(Fig 5).

cell line was considered to be a suitable positive control in these Restriction enzymes that recognize CpG-containing se-

experiments.

quence and only cleave nonmethylated DNA were used to

A similar pattern of promoter activity was observed in both examine the methylation state of this CpG-rich region of the

cell lines tested. Deletion of the genomic fragmentt846 bp
maintained core promoter activity. However, furthédBletion

A B C

Fig 4. Northern analysis of EphA3 expression in LK63hi and 293T
cell lines. Hybridization of the membrane with EphA3 cDNA probe.
The probe spans 61 bp to 1,692 bp of EphA3 cDNA and shows a 7-kb
transcript in both cell lines. (A) LK63 mRNA; (B) 293T total RNA; (C)
293TmRNA.

EphA3 gene in normal blood and tumor cell lines were either
positive or negative for EphA3 expression (Tablé3} Equal
quantities of DNA from each were then digested with either
Sad alone or in combination with the methyl-sensitive restric-
tion enzymesAvd and Sadl. As a positive control, double
digests ofSad andPvul were also performed. The digests were
subjected to Southern blot analyses using the 1.45kid
genomic fragment as a probe for hybridization. As shown in Fig
6, the expected 1.4-kb and a 1.1-kb band were detected in all
samples with a singl&ad digest and with doubl&ad/Pvul
digests, respectively. The DNA samples that were completely
digested byAvd, shown by the 1.1-kb band on the Southern
blots, were from LK63, Jurkatt, and HSB-2 cell lines, all of
which express EphA3 mRNA. Both 1.4-kb and 1.1-kb bands
were observed in th8adl digests of these samples, indicating
this methyl-sensitive enzyme can only partially digest the DNA
in these cell lines. These results imply that the restriction sites
are completely or partially demethylated within the DNA
isolated from EphA3-expressing tumor cell lines. In contrast,
the EphA3-negative cell lines, Raji, Nalm-1, and HPB-ALL
cells, showed a predominant 1.4-kb band with eithe or Sac

Il digests, indicating that these sites are methylated in these cell
lines. Taken together, it appears that the level of EphA3
expression in these tumor cell lines are correlated with the state
of DNA methylation in this region. Consistent with this
observation, Southern blot analysis of the EphA3-positive 293T
cell line also showed the same restriction pattern with the
methyl-sensitive enzymes as LK63 (data not shown).
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Obs/Exp frequency of CpG versus bp sequenced

MM«,JL i f\w\%
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1 188 375 562 749 936 123 1310 1500 Fig5. Analysis of the distribution of CpG dinucleo-
% (G +C) versus bp sequenced tides at the 5' end of the EphA3 gene. The ratio
705f— observed/expected by chance (obs/exp) 5'-cytosine/
guanine (CpG) was calculated as described by
/M\W Gardiner-Garden and Frommer.2> A moving average
value for percent G + C and for obs/exp CpG was
calculated for each sequence using a 79-bp window
moving across the sequence at 1-bp intervals. The
CpG-rich regions were defined as stretches of DNA in
which both the moving average of percent G + C was
| | | | | | | greater than 50 and the moving average of obs/exp
1 188 375 562 749 936 1123 1310 1500 CpG was greater than 0.47. Shown beneath the
graph is the relative position of the EphA3 gene 5’
Exon | upstream region, first exon and part of the first
} _—( intron. The positions of the enzyme restriction sites,
-1 kb Sacll, Aval, and Pvull, within the 1.4-kb genomic
fragment are shown. These sites were used for
Southern analysis of the DNA methylation state.

0.0

0.0

Sac II—
Aval
Pvu ll

The methylation state of DNA within this region was further measure of DNA methylation. As shown in Fig 7, in the
examined by bisulfite genomic sequencf#g®?® Genomic  EphA3-negative cell lines Raji and Nalm-1 the level of CpG
DNA was treated with bisulfite under conditions where cytosinemethylation within this amplified region was 95% and 68%,
is converted to uracil, but 5-methylcytosine remains uncon-respectively. In contrast, analysis of this region in LK63 cells
verted. A 676-bp region of the modified DNA surrounding the found only 1 methylated CpG dinucleotide and the remainder
TIS was PCR amplified using strand-specific primers. Thewere unmethylated. Similarly, only 9% of the CpG dinucleo-
sequence contains 22 CpG dinucleotides; the percentage ¢fles were methylated and 73% were unmethylated in the
these sites that did not show-6 T conversion was used as a EphA3 expressing cell line, HSB-2. The remaining 18% of CpG

Normal LK63 Jurkatt HSB-2
S SA SP 8§ S SA SP SS S SA SP SS S SA SP SS

a

-

Fig 6. Southern blot analysis 16-

of the 5’ region of the EphA3 o ' -y
gene in normal human periph- 1.0 -

eral blood and tumor cell lines.

Samples shown in the top panel (.6 — - ; -
all express the EphA3 gene and
samples shown in the bottom
panel are EphA3 negative. LK63
and Nalm-1 are pre-B cell lines
and Raji is a B-cell line. Jurkatt,
HSB-2, and HPB-ALL are T-cell
lines. Genomic DNA (10 j.g) from RAJI NALM-I HPB-AIl

each sample was digested with S SA SP SS S SA SP SS S SA SP SS
Sacl (S), or double digested with
Sacl and Aval (SA), Sacl and Pvull

{ o
(SP), and Sacl and Sacll (SS). 16— s a - - |- - -
Z e —_

Aval and Sacll are methyl-sensi- X
tive restriction enzymes. Digests

were incubated overnight at 1.0- »
37°C, run on a 1% agarose gel, 6 s -
and transferred to a Zetaprobe 0.6—}+ = -
- . - R
membrane. The membrane was 3 . -

hybridized with the 1.4-kb Sacl
genomic fragment containing the
EphA3 promoter.
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A. CpG METHYLATION SITE STATUS
CELLS FCA
LK&3 ++
HSB-2 +/- |
RAJI =
Fig 7. Analysis of CpG methylation in human Nalm1
hematopoietic cell lines and in leukemic blood |preB ALL1 -
samples using sequencing of bisulfite-treated ge- preB ALL2 +

nomic DNA. The region of DNA analyzed with this preB ALL3
technique was from the 5' CpG-rich region of the |preB ALL4 2
Epha3 gene, which normally contains 22 individual ~ [T-ALL =
CpG sites. (A) The methylation status of each CpG

site. The positions of these 22 CpG sites are num-

bered relative to the TIS. (B) The proportion of CpG

sites found methylated, unmethylated, or partially
methylated. Methylated cytosines (black) remain un-

changed with bisulfite treatment of genomic DNA, B.
whereas unmethylated cytosines (white) are con- CELLS FCA FRACTION OF METHYLATED CpG SITES
verted to uracil and then amplified as thymic. Some LK63
sequences showed both cytosine and thymine nucle- HSB-2
otides present in the one position (gray), suggesting RAJI

that these cytosines were partially methylated. EphA3 Nalm1
expression by FCA is shown as being either strongly preB ALL1
positive (++), weakly positive (+/—), or negative preB ALL2
(—). LK63, HSB-2, Raji, and Nalm-1 are all hematopoi-  |PreB ALL3
etic cell lines. Other samples were taken from pa-  [PreB ALL4
tients with pre-B or T-ALL leukemias. T-ALL

dinucleotides were partially methylated because the sequence @fcluded lymphocytes and monocytes isolated from cord blood,
bisulfite-modified DNA showed both cytosine and thymine in addition to adult pancreas, placenta (Fig 8), and thymus
nucleotides present in the one position. tissues (M.D., unpublished data, November 1998). Low levels
In addition to hematopoietic cell lines, the methylation stateof EphA3 message can be detected in lymphocytes and thymus
of the EphA3 CpG-rich region was examined in samples takerby PCR, but no staining is detectable by immunofluorescence
from patients with high blast count leukemias (counts betweerusing the 111A4 MoAb!314 A Northern analysis of a human
10,000 to 50,000) (Fig 7). In some samples, assignment atissue blot showed expression in placenta, but no detectable
certain positions was difficult, probably due to mixing of DNA expression in pancreas or kidr&yGenomic Southern analysis
from both leukemic and normal cells. However, in 3 samples inshowed complete digestion of DNA with the methyl-sensitive
which EphA3 expression was not detected by FCA (preB ALL enzymesAva andSadl, in all samples analyzed (Fig 8). Thus,
samples 1 and 3 and a T-cell acute lymphoblastic leukemian contrast to the results obtained from the hematopoietic tumor
[T-ALL]), more than half of the 22 CpG dinucleotides analyzed cell lines and tumor samples analyzed, these results imply that,
were found to be methylated. In contrast, in 2 cases in whichdespite the virtually undetectable levels of expression in these
EphA3 was detected, only 3 of the CpG dinucleotides weretissues, the sequence proximal to the EphA3 promoter is
methylated. Altogether, these findings are consistent with thainmethylated in normal adult human tissues.
results obtained by Southern blot analyses, and are in support of
a tight correlation between EphA3 expression analyses and DISCUSSION
status of DNA methylation within the’Segion of EphA3 gene. In this report we describe studies seeking to determine the
A single CpG dinucleotide, located 55 bp from the TIS, was mechanism of control of EphA3 expression in human tumors.
found to be consistently methylated in all cell lines analyzed.Flow cytometric analysis was used to determine receptor
Adjacent to this dinucleotide was a CpNpG site that was foundnumbers (Table 1), demonstrating that some hematopoietic cell
unaltered in all samples and therefore assumed to be methylines appear to not express EphA3 at all while other lines from
ated. Sequence analysis of nucleotides 46 bp to 68 bp surrountlhe same cell lineage show strong expression. Thus, LK63, a
ing the CpNpG site shows that this region is palindromic and,pre-B cell line, contained the highest levels of EphA3, whereas
therefore, forms a hair-pin loop structure that may preventno expression was detected in Lila-1, Nalm-1, or Raji cells
complete reaction with bisulfite. However, methylation of which are pre-B and B-cell lines, respectively. A range of
CpNpG within mammalian cells has also been previouslyEphA3 expression is also found in different T-cell lines.
reporteck’28 Moderate to high levels of EphA3 was shown in the T-cell lines,
DNA methylation of EphA3 gen€ &pstream sequence in  JM, Jurkat, and MOLT4. In other T-cell lines, HSB-2 showed
normal human tissues.To determine whether DNA methyl- weak EphA3 expression, whereas no EphA3 was detected in
ation regulates EphA3 transcription in normal tissues, weHPB-ALL cells. No EphA3 expression was detected in the
analyzed the methylation state of theupstream EphA3 gene monocytic and erythroid cell lines tested. Real-time PCR
sequence from various samples of normal human tissue whichnalysis was used to quantitate mRNA levels in 4 of the cell
show different levels of EphA3 expression. These sampledines and showed an excellent correlation between mRNA

20z aunr L0 uo 3sanb Aq ypd*//¥2/21 18S9/ LLYTILIv6/Pd-Bl0IE/POO|q AU SUOHEDIIgNdYSE//:d}Y WOy papeojumod



2484 DOTTORI ET AL

Cord Blood Pancreas Placenta
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Fig 8. Southern blot analysis of the 5’ region of the EphA3 gene in normal human samples of lymphocytes and monocytes isolated from cord
blood, adult pancreas, and placental tissues. Genomic DNA (10 pg) from each sample was digested with Sacl (S) or double digested with Sacl
and Aval (SA), Sacl and Pvull (SP), and Sacl and Sacll (SS). Aval and Sacll are methyl-sensitive restriction enzymes. The Southern blot was
hybridized with the 1.4-kb Sacl genomic fragment containing the EphA3 promoter.

content and receptor number, thus allowing us to infer transcripadenosine ‘35'-cyclic phosphate (cCAMP)-responsive enhancer,
tional activity from protein expression data. In the mouse andactivating transcription factor (ATF)-like factor, and retinoblas-
chicken, EphA3 is highly expressed during embryogenesis buttoma binding factor £4-3¢However, some genes are found to be
as in humans, in adult animals EphA3 is restricted to expressioimhibited by methylation in a manner that is not dependent on
in the braint®1"Thus, expression of EphA3 in the adult animal methylation of the binding sites of transcription facté#?
is much lower than that observed in a subset of tumors, perhapsuggesting an indirect mechanism of transcriptional repression.
suggesting that these lines have reactivated embryonic reguld&vidence for an indirect repression was obtained with the
tors of EphA3 gene expression. cloning of factors, such as MeCP-1 and MeCP-2, that bind to
To determine how the EphA3 gene is regulated, we sought tanethylated CpGs regardless of the sequence coftékthis
identify and characterize the bipstream regulatory region of binding may alter the chromatin structure so that the gene is
the EphA3 gene. A 1l.4-kiSad fragment isolated from a inaccessible to the active transcriptional machinery.
genomic clone containing exon 1 andupstream sequence of  When normal tissues were examined, the correlation between
the EphA3 gene was analyzed in detail. Various deletionDNA methylation levels and EphA3 expression observed in
constructs driving the luciferase reporter were used to identifyfumors was not seen. Although almost all of the normal tissues
the basal promoter region of 86 bp located-&48 bp to—262 examined showed relatively low levels of EphA3 transcription,
bp upstream from the transcription initiation site. These studiegshe EphA3 gene was nonmethylated. Thus, in normal tissues,
suggest that the basal promoter is equally active in boththe strong EphA3 expression in embryonic tissues and minimal
EphA3-negative and -positive cells. The minimal promoter expression in adult tissu€s$42°must be explained by other
region of the EphA3 gene lacked consensus TATA or CAAT- factors such as observed with EphA2 and EpHA#%.In both
elements and the Begion proximal to the EphA3 promoter was the EphA2! and EphA42 genes, enhancer/promoter elements
shown to be GC-rich. These structural features have also beehat bind homeodomain proteins were identified and were
found in many tissue-specific gene promoters. For example, thehown to be sufficient for embryonic tissue-specific expression.
synapsin |, synapsin Il, nerve growth factor receptor, andThus, the regulation by DNA methylation found within certain
polysialic acid synthase genes are all neuron-specific, TATAtumor cell lines seems to be a result of neoplastic transformation
less promoters that are associated with GC-rich domains anthther than being a normal mechanism of regulation of EphA3
have a single transcription initiation start site® transcription. Aberrant DNA methylation has been associated
Further analysis of this region showed a significant CpG-richwith oncogenesis. For example, there are reports which show
region within the 5region of the EphA3 gene. We explored the that abnormal hypermethylation events may occur, which result
possibility that methylation acts to regulate EphA3 expressionin the silencing of tumor suppressor genes and growth inhibi-
It was found that the level of methylation within thedpstream  tory genes, thereby contributing to neoplastic transforma-
EphA3 gene region correlated with the level of EphA3 gene andion 44-46
protein expression in the tumor lines. Similar results were also In summary, hematopoietic tumors show great variation in
obtained in blood samples taken from patients with high blastEphA3 expression. Clearly, some tumors show increased expres-
count leukemias. Many studies of genes associated with CpGsion of Eph receptors compared with that seen in normal adult
rich sequences have described the repression of transcription liissues, possibly as a result of activation of developmentally
DNA methylation?* Two molecular mechanisms have been regulated transcription factors. Such overexpression may con-
proposed to explain how this repression may occur. Ondribute to the initial transformation events leading to neopla-
possibility is that methylation of CpG dinucleotides within the sia*”However, other tumors clearly show tumor-specific silenc-
binding sites of transcription factors may directly prevent theing of the EphA3 gene through DNA methylation. In considering
protein/DNA interaction. This mechanism of repression hashow such silencing might be selected for in some tumors, we
been observed for several transcription factors, including AP-2note that the normal function of these receptors is to prevent
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free movement of cells into regions expressing their high- 15. Wicks IP, Lapsys NM, Baker E, Campbell LJ, Boyd AW,
affinity cognate ligand (ephri)#84°Thus, we suggest that in Sutherland GR: Localization of a human receptor tyrosine kinase
tumors where the need for EphA3 overexpression to maintaifETK1) to chromosome region 3p11.2. Genomics 19:38, 1994

the transformed phenotype has become redundant, silencing of 16- Sajiadi FG, Pasquale EB, Subramani S: Identification of a new
EphA3 through DNA methylation may be a late event allowing gph-related receptor tyrosine kinase gene from mouse and chicken that
free movement of tumor cells and, hence, contributing to the's developmentally regulated and encodes at least two forms of the

d | fh ic oh receptor. New Biologist 3:769, 1991
evelopment of the metastatic phenotype. 17. Cheng HJ, Flanagan JG: Identification and cloning of ELF-1, a

developmentally expressed ligand for the Mek4 and Sek receptor

ACKNOWLEDGMENT tyrosine kinases. Cell 79:157, 1994

18. Salvaris E, Novotny JR, Welch K, Campbell L, Boyd AW:
Characterization of two novel pre-B-cell lines (LK63 and LiLa-1):
Potential models of pre-B-cell differentiation. Leuk Res 16:655, 1992

19. Bolton AE, Hunter WM: The use of antisera covalently coupled
to agarose, cellulose and sephadex in radioimmunoassay systems for

REFERENCES proteins and haptens. Biochim Biophys Acta 329:318, 1973

1. Orioli D, Klein R: The Eph receptor family: Axonal guidance by ~ 20. Xie WQ, Rothblum LI: Rapid, small-scale RNA isolation from
contact repulsion. Trends Genet 13:354, 1997 tissue culture cells. Biotechniques 11:104, 1991

2. Ruiz JC, Conlon FL, Robertson EJ: Identification of novel protein  21. Sambrook J, Fritsch EF, Maniatis T: Molecular Cloning: A
kinases expressed in the myocardium of the developing mouse heartaboratory Manual. Cold Spring Harbor, NY, Cold Spring Harbor
Mech Dev 48:153, 1994 Laboratory, 1989

3. Mori T, Wanaka A, Taguchi A, Matsumoto K, Tohyama M: 22. McDonald LE, Kay GF: Methylation analysis using bisulfite
Differential expressions of the eph family of receptor tyrosine kinasegenomic sequencing: Application to small numbers of intact cells.
genes (sek, elk, eck) in the developing nervous system of the mouseiotechniques 22:272, 1997
Brain Res Mol Brain Res 29:325, 1995 23. Fitzpatrick DR, Shirley KM, McDonald LE, Bielefeldt-Ohmann

4. Gale NW, Holland SJ, Valenzuela DM, Flenniken A, Pan L, Ryan H, Kay GF, Kelso A: Distinct methylation of the interferon-gamma
TE, Henkemeyer M, Strebhard K, Hirai H, Wilkinson DG, Pawson T, (IFN-y) and interleukin-3 (IL-3) genes in newly-activated primary
Davis S, Yancopoulos GD: Eph receptors and ligands comprise twdCD8+ T lymphocytes: Regional IFN- promoter demethylation and
major specificity subclasses, and are reciprocally compartmentalizethRNA expression are heritable in CD45high CB& cells. J Exp Med
during embryogenesis. Neuron 17:9, 1996 188:103, 1998

5. Cheng HJ, Nakamoto M, Bergemann AD, Flanagan JG: Comple- 24. Tate PH, Bird AP: Effects of DNA methylation on DNA-binding
mentary gradients in expression and binding of ELF-1 and Mek4 inproteins and gene expression. Curr Opin Genet Dev 3:226, 1993
development of the topographic retinotectal projection map. Cell 25. Gardiner-Garden M, Frommer M: CpG islands in vertebrate
82:371, 1995 genomes. J Mol Biol 196:261, 1987

6. Winslow JW, Moran P, Valverde J, Shih A, Yuan JQ, Wong SC, 26. Frommer M, McDonald LE, Millar DS, Collis CM, Watt F, Grigg
Tsai SP, Goddard A, Henzel WJ, Hefti F, Beck KD, Caras IW: Cloning GW, Molloy PL, Paul CL: A genomic sequencing protocol that yields a
of AL-1, a ligand for an Eph-related tyrosine kinase receptor involved in positive display of 5-methylcytosine residues in individual DNA
axon bundle formation. Neuron 14:973, 1995 strands. Proc Natl Acad Sci USA 89:1827, 1992

7. Henkemeyer M, Orioli D, Henderson JT, Saxton TM, Roder J, 27. Clark SJ, Harrison J, Frommer M: CpNpG methylation in
Pawson T, Klein R: Nuk controls pathfinding of commissural axons in mammalian cells. Nat Genet 10:20, 1995
the mammalian central nervous system. Cell 86:35, 1996 28. Kay PH, Harmon D, Fletcher S, Ziman M, Jacobsen PF,

8. Orioli D, Henkemeyer M, Lemke G, Klein R, Pawson T: Sek4 and Papadimitriou JM: Variation in the methylation profile and structure of
Nuk receptors cooperate in guidance of commissural axons and ifPax3 and Pax7 among different strains and during expression. Gene
palate formation. EMBO J 15:6035, 1996 184:45, 1997

9. Dottori M, Hartley L, Galea M, Paxinos G, Polizzotto M, 29. Fox GM, Holst PL, Chute HT, Lindberg RA, Janssen AM, Basu
Kilpatrick T, Bartlett PF, Murphy M, Katgen F, Boyd AW: EphA4 R, Welcher AA: cDNA cloning and tissue distribution of five human
(Sek1) receptor tyrosine kinase is required for the development of th&ePH-like receptor protein-tyrosine kinases. Oncogene 10:897, 1995
corticospinal tract. Proc Natl Acad Sci USA 95:13248, 1998 30. Sehgal A, Patil N, Chao M: A constitutive promoter directs

10. Pandey A, Shao H, Marks RM, Polverini PJ, Dixit VM: Role of expression of the nerve growth factor receptor gene. Mol Cell Biol
B61, the ligand for the Eck receptor tyrosine kinase, in TNF-alpha-8:3160, 1988
induced angiogenesis. Science 268:567, 1995 31. Sauerwald A, Hoesche C, Oschwald R, Kilimann MW: The

11. Daniel TO, Stein E, Cerretti DP, St John PL, Robert B, 5'-flanking region of the synapsin | gene. A& rich, TATA- and
Abrahamson DR: ELK and LERK-2 in developing kidney and microvas- CAT T-less, phylogenetically conserved sequence with cell type-specific
cular endothelial assembly. Kidney Int Suppl 57:S73, 1996 promoter function. J Biol Chem 265:14932, 1990

12. Smith A, Robinson V, Patel K, Wilkinson DG: The EphA4 and  32. Chin LS, Li L, Greengard P: Neuron-specific expression of the
EphBL1 receptor tyrosine kinases and ephrin-B2 ligand regulate targeteslynapsin Il gene is directed by a specific core promoter and upstream
migration of branchial neural crest cells. Curr Biol 7:561, 1997 regulatory elements. J Biol Chem 269:18507, 1994

13. Boyd AW, Ward LD, Wicks IP, Simpson RJ, Salvaris E, Wilks A,  33. Yoshida Y, Kurosawa N, Kanematsu T, Kojima N, Tsuji S:
Welch K, Loudovaris M, Rockman S, Busmanis I: Isolation and Genomic structure and promoter activity of the mouse polysialic acid
characterization of a novel receptor-type protein tyrosine kinase (hekpynthase gene (mST8Sia Il). J Biol Chem 271:30167, 1996
from a human pre-B cell line. J Biol Chem 267:3262, 1992 34. Iguchi-Ariga SM, Schaffner W: CpG methylation of the cAMP-

14. Wicks IP, Wilkinson D, Salvaris E, Boyd AW: Molecular cloning responsive enhancer/promoter sequence TGACGTCA abolishes spe-
of HEK, the gene encoding a receptor tyrosine kinase expressed bgific factor binding as well as transcriptional activation. Genes Dev
human lymphoid tumor cell lines. Proc Natl Acad Sci USA 89:1611, 3:612, 1989
1992 35. Comb M, Goodman HM: CpG methylation inhibits proenkepha-

We thank Toni Antalis for discussions and critical comments on the
manuscript. We also thank David Elliot for giving us invaluable advice
on techniques.

20z aunr L0 uo 3sanb Aq ypd*//¥2/21 18S9/ LLYTILIv6/Pd-Bl0IE/POO|q AU SUOHEDIIgNdYSE//:d}Y WOy papeojumod



2486 DOTTORI ET AL

lin gene expression and binding of the transcription factor AP-2.Hoxbl reveal new roles in regulation of early hindbrain patterning.
Nucleic Acids Res 18:3975, 1990 Development 125:1025, 1998
36. Ohtani-Fujita N, Fujita T, Aoike A, Osifchin NE, Robbins PD,  43. Theil T, Frain M, Gilardi-Hebenstreit P, Flenniken A, Charnay P,
Sakai T: CpG methylation inactivates the promoter activity of the wilkinson D: Segmental expression of the EphA4 (Sekl) receptor
human retinoblastoma tumor-suppressor gene. Oncogene 8:1063, 19Q%osine kinase in the hindbrain is under direct transcriptional control of
37. Murray EJ, Grosveld F: Site specific demethylation in the kyox-20. Development 125:443, 1998

promoter of humany globin gene does not alleviate methylation 44 jones PA: DNA methylation errors and cancer. Cancer Res
mediated suppression. EMBO J 6:2329, 1987 56:2463. 1996

ars s s o s omete Sheon v onscpg 5, EOUHI K Y bayssti Hiohash S Nyt
iti i : ip- . . . )
lation at the D17S5 in non-small cell lung cancers: Its association with

tion in vivo and on factor binding in vitro. Nucleic Acids Res 17:10179, y 9

1989 smoking history. Cancer Res 57:4913, 1997
39. Meehan RR, Lewis JD, McKay S, Kleiner EL, Bird AP: 46. Woloschak M, Yu A, Post KD: Frequent inactivation of the p16

Identification of a mammalian protein that binds specifically to DNA gene in human pituitary tumors by gene methylation. Mol Carcinog
containing methylated CpGs. Cell 58:499, 1989 19:221, 1997 o .
40. Hendrich B, Bird A: Identification and characterization of a  47- Maru Y, Hirai H, Takaku F: Overexpression confers an onco-
family of mammalian methyl-CpG binding proteins. Mol Cell Biol 9enic potential upon the eph gene. Oncogene 5:445, 1990
18:6538, 1998 48. Drescher U, Kremoser C, Handwerker C, Loschinger J, Noda M,
41. Chen J, Ruley HE: An enhancer element in the EphA2 (Eck)Bonhoeﬁer F: In vitro guidance of retinal ganglion cell axons by RAGS,
gene sufficient for rhombomere-specific expression is activated by2 25 kDa tectal protein related to ligands for Eph receptor tyrosine
HOXA1 and HOXB1 homeobox proteins. J Biol Chem 273:24670, kinases. Cell 82:359, 1995
1998 49. Wang HU, Anderson DJ: Eph family transmembrane ligands can
42. Studer M, Gavalas A, Marshall H, Ariza-McNaughton L, Rijli mediate repulsive guidance of trunk neural crest migration and motor
FM, Chambon P, Krumlauf R: Genetic interactions between Hoxal andaxon outgrowth. Neuron 18:383, 1997

20z aunr L0 uo 3sanb Aq ypd*//¥2/21 18S9/ LLYTILIv6/Pd-Bl0IE/POO|q AU SUOHEDIIgNdYSE//:d}Y WOy papeojumod



