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Mapping of the EVI2 gene between the translocation 
breakpoints of two patients with neurofibromatosis 
type 1 (NFl), combined with the likely role of its mu- 
rine homolog in neoplastic disease, implicates EVI2 
as a possible candidate for the NFI gene. We report 
here the expression of a 1.6-kb EVI2 transcript in 
normal human brain and peripheral blood mononu- 
clear cells. Sequencing studies predict an EVI2 protein 
of 232 amino acids that contains an N-terminal signal 
peptide, an extracellular domain with five potential 
glycosylation sites, a single hydrophobic transmem- 
brane domain with a leucine zipper, and a hydrophilic 
cytoplasmic domain. These features are all well-con- 
served with respect to the mouse E&2 protein and 
are consistent with the hypothesis that EV12 is a 
membrane protein that may complex with itself and/ 
or other proteins within the membrane, perhaps to 
function as part of a cell-surface receptor. In the course 
of these studies we have also identified three other 
transcripts (classes of cDNAs) from the NFl region. 
Two of these transcripts map between the NFl trans- 
location breakpoints; the remaining transcript maps 
just outside this region. 8 lee0 Academic dress. I~C. 

INTRODUCTION 

Balanced chromosomal translocations found in two 
neurofibromatosis 1 patients (Ledbetter et al., 1989; 
Menon et al., 1989) provide important clues in the 
search for the von Recklinghausen neurofibromatosis 
(NFI) gene. Because the chromosomal rearrangements 
may have caused the disease by interrupting the NFl 
gene, at least a portion of the gene might be expected 
to lie within the region defined by the translocations. 
Any gene that maps into this region, therefore, becomes 
a candidate in the search for the NFl gene. We have 

previously reported the mapping of the human homolog 
of a mouse gene implicated in leukemogenesis, Evi-2 
(Buchberg et al., 1988, 1989, and submitted for publi- 
cation), into the 60-kb region between the NFl trans- 
location breakpoints (O’Connell et al., 1990, accom- 
panying paper). Here we describe the pattern of EVI2 
gene expression in several tissues, including tissues af- 
fected by NFl; report the sequences of human EV12 
cDNA and genomic clones; predict features of the en- 
coded protein product; compare the predicted amino 
acid sequence to that of the mouse gene; and show the 
location and orientation of the gene on the genomic 
map of the breakpoint region. We also describe the 
initial identification and mapping of several other 
transcripts from the NFl region. 

MATERIALS AND METHODS 

cDNA Libraries and Plaque Screening 

A normal adult human bone marrow cDNA library 
in XgtlO, catalogue number HL1058a, was purchased 
from Clontech Laboratories, Inc. (Palo Alto, CA). A 
cDNA library in X Zap, catalogue number 935203, de- 
rived from frontal cortex of a child without NFl, was 
purchased from Stratagene (San Diego, CA). Phage 
from the libraries were incubated with Escherichia coli 
strain LE392 and plated according to the manufactur- 
er’s instructions. Duplicate plaque lifts were made with 
0.2-&m pore size Biotrans filters (Pall Biodyne) by the 
method of Benton and Davis (1977). 

Radiolabeling of DNA probes was performed ac- 
cording to Feinberg and Vogelstein (1984). First, cos- 
mid and cDNA inserts were separated from vector by 
restriction enzyme digestion and gel electrophoresis in 
low-melting agarose (NuSieve GTG agarose, FMC 
BioProducts, Rockland, ME). DNA in gel slices was 
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used directly for radiolabeling. Prehybridization of the 
cDNA library filters was in 50% formamide, 5X SSC, 
50 mM NaP04 (pH 6.5), 2X Denhardt’s solution, and 
500 pg/ml sheared, denatured human DNA at 42°C for 
2 h. Human DNA was included to suppress hybridiza- 
tion of the probes (radiolabeled genomic or cDNA 
fragments) to repetitive sequences. Separate prehy- 
bridization of the radiolabeled probes was simulta- 
neously carried out in a solution of the same compo- 
sition except that 50 pgfml of DNA from the vector 
used to clone the probe was included. After prehybrid- 
ization, the probe and filters were combined and hy- 
bridization was carried out for 4-16 h at 42°C. When 
genomic cosmids were used as probes, washes were in 
2X SSC, 0.1% SDS at room temperature. When cDNAs 
were used as probes, washes were in 0.1X SSC, 0.1% 
SDS at 55-65°C. After washing, filters were placed on 
X-Omat AR film with an intensifying screen at -70°C. 

Anchored PCR cDNA Library 

Anchored PCR, to obtain cDNA clones from the 5’ 
end of E VI2 mRNA, was performed as described by 
Loh et al. (1989). For this purpose two EVI2 oligonu- 
cleotide primers were constructed based on the furthest 
5’ sequence shared by cDNA clones E-9 and E-34, and 
RNA was prepared from human brain frontal cortex. 
Following first-strand cDNA synthesis with the first 
EVI2-specific primer and addition of poly(dG) tails 
with terminal transferase, the second, more 5’ E VI2 
primer was used for PCR together with an “anchored 
primer” containing poly(dC) at its 3’ end. The amplified 
product was electrophoresed on a 2% low-melting aga- 
rose gel and visualized with ethidium bromide, reveal- 
ing a heterogeneous set of products ranging from ap- 
proximately 50 to 300 bp. The gel lane was cut into 
slices 2 mm thick starting about 1 cm above the region 
of highest molecular size that still contained visible 
product. Ten microliters of each gel slice was subjected 
to PCR using the same pair of primers and analyzed 
by gel electrophoresis. The mobility of the products 
matched the order of the gel slices in the lane, and the 
first fraction showing visible product was cloned into 
Bluescript SK(+) (Stratagene) and transformed into 
DH5aF’ ceils. Colonies were screened with an EV12 
probe still further 5’ in the known sequence; approxi- 
mately 150 positive clones were identified in this way. 

Cell Lines and Tissues 

Lymphoblastoid cell lines from normal and NFl in- 
dividuals, established in our laboratory by transfor- 
mation of peripheral blood mononuclear cells with Ep- 
stein-Barr virus, and somatic cell hybrid lines con- 
taining various portions of chromosome 17 were 
maintained in culture as described by O’Connell et al. 
(1990) in the accompanying manuscript. Skin fibro- 

blasts were grown in Dulbecco’s modified Eagle’s me- 
dium supplemented with 10% fetal bovine serum and 
passaged every 5-7 days with a trypsin/EDTA solution. 
Mononuclear cells were prepared from whole peripheral 
blood by the LeucoPREP procedure according to the 
manufacturer’s instructions (Becton Dickinson and 
Co., Lincoln Park, NJ). Bone marrow aspirates (per- 
formed at University Hospital, University of Utah 
Medical Center, with informed consent of the patients 
and Institutional Review Board approval) drawn into 
tubes with heparin were spun at 2000 rpm for 10 min 
in a tabletop centrifuge; the pellets were then used for 
preparation of total RNA (see below). Other tissues 
removed from patients for therapeutic reasons or at 
autopsy were immediately placed in liquid nitrogen and 
stored at -135°C until used for RNA preparation. 
Some tissue specimens were obtained from the Na- 
tional Neurological Research Bank (Veterans Admin- 
istration Medical Center Wadsworth, Los Angeles, 
CA), which is sponsored by NINCDS/NIMH, NMSS, 
HD Foundation, TS Association, and the Veterans 
Administration. 

Sequencing 

All DNA sequencing was based on the dideoxy-ter- 
mination method of Sanger @anger et al., 1977). EVI2 
cDNA clone E-9.4 was digested with Sau3AI and sub- 
cloned into M13mp18, single-strand preparations were 
sequenced with fluorescently tagged Ml3 primers on 
an Applied Biosystems, Inc., Model 370A DNA se- 
quencer (ABI, Foster City, CA), using T7 DNA poly- 
merase or TaqI DNA polymerase. Double-stranded 
pIasmid preparations of clones E-32, E-34, and E-37 
in Bluescript SK(-) were made by the cesium chloride/ 
ethidium bromide centrifugation method (Maniatis et 
al., 1982a), denatured by treatment with 0.2 N NaOH, 
neutralized, and sequenced from Ml3 primers on the 
ABI machine. Ten anchored PCR cDNA clones in- 
cluding E-An3, E-An4, and E-An7 were symmetrically 
amplified from picked colonies using Ml3 primers and 
sized by agarose gel electrophoresis. The largest three 
inserts were then asymmetrically amplified from the 
initial amplified product; the single strands were se- 
quenced on the ABI machine, and also sequenced 
manually using the Sequenase kit (U.S. Biochemical 
Corp., Cleveland, OH). All segments of the EV12 cDNA 
consensus sequence were sequenced at least three 
times. 

DNA sequence from cosmid clone cEVI20 was ob- 
tained by multiplexed dideoxy sequencing of random 
shotgun clones. cEVI20 DNA was sonicated, size frac- 
tionated (500-1000 bp) on an agarose gel, and blunt- 
end ligated to a set of 10 vectors carrying multiplex 
identifier tag sequences (pKZ vectors; R. Weiss, manu- 
script in preparation). Primary clones (720) were iso- 
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lated (72/vector); these clones were then distributed 
into 72 mixtures, each containing 10 clones (one clone 
from each of the 10 vectors), and plasmid DNA was 
prepared and sequenced from these mixtures. The 
mixed sequences were electroblotted from standard se- 
quencing gels onto GeneScreen nylon membranes and 
probed sequentially for the individual sequence ladders. 
From 20 probings, 690 readable sequence ladders were 
recovered, and these were melded into 61 contigs (ap- 
proximate total melded sequence is 35,000 nucleotides). 

RESULTS 

Isolation of cDNA Ches Encoded by 
the Humun E VI2 Locus 

The human genomic DNA segment contained in a 
cosmid, cEVI36, has been shown to include a region 
homologous to a portion of murine Evi-2 (O’Connell 
et al., 1990). Because in mouse the greatest abundance 
of Eui-2 transcript is in macrophages (Buchberg et al., 
submitted for publication), the insert from cEVI36 was 
used to screen an oligo(dT)-primed cDNA library from 
normal human bone marrow in XgtlO. Thirteen positive 
clones (from 1 million plated plaques) were picked and 
plaque-purified, rescreening these 13 with the murine 
Eui-2 cDNA BK3 (Buchberg et al, submitted for pub- 
lication) as probe identified 4 as being related to Evi- 
2. The largest of these four clones, cDNA E-9, con- 
tained a 5.1-kb insert (Fig. 1). Hybridization of the E- 
9 insert to genomic DNA detected a single, 15-kb BgZII 
fragment, which maps between the translocation 
breakpoints of the two NFl patients (O’Connell et al., 
1990). 

DNA and Peptide Sequence Analysis 

DNA sequences were aligned, examined for open 
reading frames, and compared to DNA sequences in 
the EMBL and GenBank databases using the 
IntelliGenetics Suite of programs (IntelliGenetics, Inc., 
Mountain View, CA) running on a VAX computer. The 
predicted EV12 peptide was aligned with the murine 
sequence, analyzed for hydropathy by the Kyte and 
Doolittle (1982) method, and compared to peptide se- 
quences in the Swiss-Prot and PIR protein databases, 
again using the IntelliGenetics Suite. The most likely 
site for cleavage of the putative signal peptide was de- 
termined using the SIGSEQl and SIGSEQB programs 
of Folz and Gordon (1987), based on a weight-matrix 
method developed by von Heijne (1986). 

Because the remaining 5’ segment did not hybridize to 
any transcript from bone marrow or from several other 

Sequencing revealed no poly(A) tract in this cDNA 
clone; however, hybridization of RNA blots with single- 
stranded probes identified the sense strand. Further 
analysis of cDNA E-Q showed that only the 1.3-kb seg- 
ment at the 3’end detected a transcript on RNA blots. 

RNA Preparation and Analysis 

Total RNA from peripheral blood mononuclear cells, 
bone marrow aspirates, and cultured cells was prepared 
by the guanidinium-acid-phenol method as described 
by Chomczynski and Sacchi (1987). RNA from tissues 
that had been frozen in liquid nitrogen was similarly 
prepared, except that l-g portions of tissue were trans- 
ferred directly from liquid nitrogen into a tube 
containing 10 ml ,of guanidinium solution and imme- 
diately homogenized for 1 min at top speed with a 
Brinkmann Polytron (Brinkmann Instruments, Inc., 
Westbury, NY). 

Total RNA was electrophoresed through 1% agarose 
gels containing formaldehyde and blotted overnight 
onto Duralon uncharged nylon membranes (Strata- 
gene) essentially as described by Maniatis et al. (1982b), 
except that 0.37 M formaldehyde was used in the gels 
as described by Selden (1989) and in the electrophoresis 
buffer as well instead of 2.2 M formaldehyde. Filters 
were crosslinked with uv irradiation in a Stratalinker 
(Stratagene). Radiolabeling of probes for RNA analysis 
and hybridization, washing, and X-ray film exposures 
of RNA blots were performed as per the methods de- 
scribed above for screening cDNA libraries. RNA blots 
were stripped by swirling the blot in a container with 
near to boiling 0.1X SSC, 0.1% SDS; the stripping so- 
lution was changed three times over a 5-min period. 

human tissues, to murine Evi-2 cDNA clones, or to 
Southern transfers of human genomic DNA, it is likely 
to represent a cloning artifact of non-human origin. 

Analysis of EV12 mRNA Expression in NFl Tissues 

CDNA E-9 identified a single class of transcript of 
1.6 kb on RNA blots of bone marrow and other tissues. 
Figure 2 shows an autoradiograph of a blot of samples 
of total RNA probed with cDNA E-9.4, a 1.8-kb sub- 
clone from the 3’ end of clone E-9. The EV12 transcript 
is most abundant in peripheral blood mononuclear cells 
and brain, less abundant in bone marrow, detectable 
in Epstein-Barr virus (EBV)-transformed lympho- 
blastoid cell lines and fibroblasts, but not detected in 
choriocarcinoma. RNA samples from a peripheral 
nerve, a neurofibroma, and a malignant schwannoma, 
all from the same NFl patient, also contained EV12 
transcript, perhaps consistent with a role for EVI2 in 
NFl. However, EVIZ transcript could not be detected 
in neurofibromas from an additional two NFl patients. 
It is possible that the relatively low abundance of EV12 
transcripts found here in some of the pathologic spec- 
imens and autopsied tissues actually derives from pe- 
ripheral blood cells in the vasculature of these tissues. 
The weak signals in some samples just above the 4.4- 
kb marker appear to represent nonspecific binding to 
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FIG. 1. Human EVZ2 cDNA clones. The scale is in nucleotide base pairs. E-9 is a 5.1-kb bone marrow cDNA. E-34, E-37, and E-32 are 
brain frontal-cortex cDNAs. E-An7, E-An3, and E-An4 are brain frontal-cortex cDNAs prepared by the anchored polymerase chain reaction, 
as described under Materials and Methods. The stippled segments contain the E VZ2 open reading frame. The solid white segments are 5’ and 
3’ untranslated EVZ2 sequences. The checkered segment in E-9 and the solid black segment in E-34 contain sequences of unknown origin, 
unrelated to the 1.6-kb EVZ2 transcript. The cross-hatched segment in E-34 appears to be the inverse complement of the corresponding region 
in E-9, E-An7, E-An3, and E-An4. AC,,) designates the presence of a poly(A) tail. The human brain EVZ2 consensus cDNA is shown at the 
bottom. In the genome a single 2.3-kb intron interrupts the sequence derived from the cDNA at the position indicated by the arrow. 

28 S ribosomal RNA, since (1) by ethidium bromide 
staining the 28 S ribosomal RNA had the same mobility 
as this signal, (2) the intensity of this autoradiographic 
signal in the various samples paralleled the intensity 
of the ethidium bromide-stained 28 S RNA across the 
samples, and (3) blots of oligo(dT)-selected poly(A) 
RNA from equivalent samples had no detectable signal 
at this level (data not shown). 

The blot shown in Fig. 2 includes RNA samples from 
the two NFl lymphoblastoid cell lines containing, re- 
spectively, the t(17;22) and t(1;17) balanced translo- 
cations. RNA samples from a total of six unrelated 
NFl patients are included on the blot. EV12 transcripts 
of abnormal mobility were not detected in any of these 
samples. 

cLlNA and Genomic Nucleotide Sequences and 
Predicted Amino Acid Sequence of EV12 

To identify additional E VI2 cDNA clones, fragment 
E-9.4 was used to screen an oligo(dT)-primed cDNA 
library from normal human frontal cortex in x Zap. 
Three independent positive clones were isolated, 
plaque-purified, and sequenced (Fig. 1). The largest of 
these, E-34, is 1522 bp long and contains within it the 
1110 bp of sequence at the 3’ end of the E-9 clone. The 
E-34 sequence continues 3’ of this shared region for 

another 146 bp, then terminates with a run of 12 A 
residues. The 88-bp segment in E-34 just 5’ of the lllO- 
bp shared region, however, appears to be an inverse 
complement of the corresponding 88 bp in E-9 just 5’ 
of the shared region. The remaining sequence of 178 
bp at the 5’ end of E-34 detects no transcript on RNA 
blots, shows no homology to any part of E-9, and does 
not hybridize to Southern transfers of chromosome 
17 DNA. 

To identify additional sequences from the 5’ end of 
the E VI2 mRNA, we used the anchored PCR (Frohman 
et al., 1988, Loh et al., 1989) to construct a set of frontal- 
cortex cDNA clones enriched for the 5’ end of EVI2. 
We initiated first-strand cDNA synthesis on frontal- 
cortex RNA with a primer complementary to sense- 
strand sequence shared by E-34 and E-9. Three of the 
largest resulting cDNA clones were sequenced and 
found to be a nested overlapping set (Fig. 1). The largest 
of these, 341 bp, is E-An7. The last 138 bp at its 5’ end 
is sequence not found in either E-9 or E-34; this se- 
quence used as a probe detects the same 1.6-kb tran- 
script that is detected by E-9. 

Assuming that only sequences shared by at least two 
independent clones represent true EV12 mRNA se- 
quences, we arrived at the consensus EV12 cDNA 
shown in Fig. 1. It is 1563 bp long; the mRNA it detects 
is approximately 1.6 kb. The cDNA sequence, flanking 
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FIG. 2. RNA blot of human tissues, probed with EVZZ cDNA 
E-9.4. Five micrograms of total RNA was loaded in each lane. An 
RNA ladder containing 9.5, ‘7.5-, 4.4-, 2.4-, 1.4-, and 0.24-kb stan- 
dards was included in the gel run to estimate the size of the detected 
transcripts. The six different NFl patients from whom the samples 
were derived are labeled “nfl pt. l-6.” One peripheral nerve sample, 
one neurofibroma sample, one fibroblast sample, and the samples 
labeled malignant schwannoma and adrenal are from a single NFl 
patient (patient 1). The remaining five NFl samples are all from 
different patients. These include the t(17;22) lymphoblastoid line 
from the NFl patient with the t(17;22) balanced translocation and 
the t(1;17) lymphoblastoid line from the NFl patient with the t(1;17) 
translocation. All other samples are from non-NFl subjects. The 
peripheral blood sample contained mononuclear cells only. 

genomic sequences, predicted amino acid sequence, and 
a hydropathy plot of human E VI2 are shown in Fig. 3. 
A single intervening sequence has been found; it lies 
between nucleotide positions -23 and -22 of the cDNA 
sequence. A single, large open reading frame (ORF) 
extends from the A at the -12 position to the T at 
+696. Although the first ATG in this reading frame 
does begin at the -12 position, it does not match the 
consensus initiation site of eukaryotic mRNAs (Kozak, 
1984), and an ATG does not occur at this position in 
the murine cDNA clones (Buchberg et al., submitted 
for publication). The next ATG in the human EV12 
sequence lies 13 bases downstream of the first ATG; 
this site matches the Kozak consensus initiation se- 
quence 5’-RNNATGG-3’ and also appears in the mu- 
rine cDNAs. Therefore, we have labeled this the +l 
position for both the nucleotide and the amino acid 
sequence. 

The EVI2 ORF predicts a 232-amino-acid protein. 
The N-terminal segment has features characteristic of 
a signal peptide (von Heijne, 1985; Gierasch, 1989), 

with the most likely cleavage point (von Heijne, 1986; 
Folz and Gordon, 1987) lying between the alanine at 
position 26 and the asparagine at position 27. Next is 
a 103-residue hydrophilic, presumably extracellular 
domain, with five potential glycosylation sites. Then 
follows a segment of 28 hydrophobic amino acids with 
an average hydropathy score of 2.7 by Kyte and Doo- 
little (1982) analysis, which indicates that it is a trans- 
membrane domain. The last 17 amino acids of this 
hydrophobic stretch are part of a 22-residue leucine 
zipper (Landschulz et al., 1988); this feature suggests 
that EV12 forms homodimers or is able to bind to other 
proteins in the membrane. The region N-terminal of 
the zipper motif lacks the pattern of basic residues 
found in leucine zipper proteins that bind to DNA, 
suggesting that E VI2 is not a DNA-binding protein 
(Vinson et al., 1989). The remaining hydrophilic do- 
main of 70 amino acid residues is presumably cyto- 
plasmic. We have sought structural motifs character- 
istic of known oncogenes, but without success. Com- 
parison of the DNA sequence to sequences in the 
EMBL and GenBank databases, and of the predicted 
peptide sequence to those in the PIR and Swiss-Prot 
databases, has shown that EVI2 is a novel gene with 
no significant specific homologies to previously re- 
ported DNA or protein sequences. 

The 3’ untranslated sequence of the EV12 mRNA 
contains four instances of the AUUUA pentamer. This 
motif is common to the 3’ untranslated regions of many 
oncogene and cytokine mRNAs, and it appears to pro- 
mote rapid cytoplasmic degradation of mRNAs (Shaw 
and Kamen, 1986; Greenberg et al., 1986; Wilson and 
Treisman, 1988; Brawerman, 1989; Malter, 1989). 

Comparison of cDNA and Amino Acid Sequences of 
Murine Evi-2 and Human EVI2 

The most striking difference between human EVI2 
and murine Evi-2 is that in RNA blots of human tissues 
only a 1.6-kb EV12 transcript is detected, whereas in 
mouse tissues two classes of transcripts are seen, one 
1.8 kb in length and the other 2.2 kb in length (Buch- 
berg et al., submitted for publication). In mouse, two 
classes of Evi-2 cDNA clones from brain have been 
isolated, they have the same 3’ end (which contains 
the entire ORF of both cDNA classes and hybridizes 
to both sizes of RNA transcript), but 5’ of the ORF one 
cDNA class has been spliced at the same point where 
the human EV12 cDNA has been spliced, while the 
other cDNA has not been spliced at this point but con- 
tinues to match mouse genome sequence. DNA probes 
based on the 5’ sequence of this second cDNA class 
hybridize exclusively to the 2.2-kb transcript in mouse 
RNA blots. This transcript is too small to be simply 
an immature form of the 1.6-kb transcript that has 
retained its intron (Buchberg et al., submitted for pub- 
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a 5' aatgacactaaagcatgtagcaggcctatagaatgagcatactgtcaaaggcattaagtggaaaaccctccctgctct 
ggaggcggggattggttctacaaagcctcctgtcatgccagtggccaactagagaagttggagctttttgattatttttttttttttcctcctgtgacatgtgcctt 
tAGTTGCAGTtCAAAGAAATGTGTCATCTGTGGTTTtGTTTTTAAAAGTGGAAAACTAGCTGCACATATCCTTTTTTACTGCA~TTTACTTTAAGGCTCATATTCT -114 
CCAACTCTATTCTGCTTTAAAAAGAAGACAAGAACTGGTTTGgtaggtcatatatata -23 
Cggcttttcttatgccttttcacttctaacgtctgacagattagtgttcgaggaaatgctatcaaagtgtgtaagaatctcactaacaaactagaattgtgactgaa 
aatgtatactttttttttctgtcctgttacataaattttaagttagaaatgaaaaaatttgccatcgccatggagttttaaattaggattacgaagga....taata 
gaaattaaaatgcttcttcatacatagctgaatagaaaagaatttgttgagaa~gggtagcgaatattaggcataagcttgtagtttacttgtaacatct 
CaaCaCtatCttttaactacaattaccaaaaactaggatcCattattctttcacaaactaaC~aatt~tattgCtatcccaaca~TTGCC~GTATGCCCACGGAC -1 

ATG GAA CAC ACA GGA CAT TAC CTA CAT CTT CCC T T T  CTG ATG ACA ACA G T T  T T T  TCT T T G  TCT CCT CGA ACA AAA GCA AAC 81 
M E H T  G H Y  L H L A F L H T  T  V F S L S P G T  K AIN 27 

T A T  ACC CGT CTC TGG GCT AAC AGT ACT TCT TCC TGG GAT TCA G T T  A T T  CAA AAC AAG ACA GGC AGA AAC CAA AAT GAA AAC 162 
u R L !J  A N S T  S S U D S V I P N K T  G R N P N E N 54 

A T T  AAC ACA AAC CCT ATA ACT CCT GAA GTA GAT T A T  AAA GGT AAT TCT ACA AAC ATC CCT GAA ACA TCT CAC ATC GTA GCT 243 
INTNPITPEVDYKG N S T  NMPETSHIVA 81 

T T A  ACT TCT AAA TCT GAA CAG GAG CTT T A T  ATA CCT TCT GTC GTC AGC AAC AGT CCT TCA ACA GTA CAG AGC A T T  GAA AAC 324 
LTSKSEQELYIPSVVSNSPSTVOSIE L 108 

ACA AGC AAA AGT CAT GGT GAA A T T  TTC AAA AAG GAT GTC T G T  CCC GAA AAC AAC AAC AAC ATG GCT ATG CTA A T T  TGC T T A  405 
UKSHGEIFKKDVCAENNNNM B M L I C L 135 

A T T  ATA A T T  GCA GTG CTT T T T  CTT ATC T G T  ACC T T T  CTA T T T  CTA TCA ACT GTG G T T  T T G  GCA AAC AAA GTC TCT TCT CTC 486 
II~FLFFSTVVLA~KVSSL 162 

* * t  * * * * * * * * * * l * * * * * * * t  

AGA CGA TCA AAA CAA GTA GGC AAG CGT CAG CCT AGA AGC AAT GGC GAT T T T  CTG GCA AGC GGT CTA TGG CCC GCT GAA TCA 567 
RRSKPVGKRQPRSNGDFLAStlUPAES 189 

GAC ACT TGG AAA AGA ACA AAA CAG CTC ACA GGA CCC AAC CTA GTG ATG CAA TCT ACT GGA GTG CTC ACA GCT ACA AGG GAA 648 
DTWKRTKQLTGPNLVMPSTGVLTATRE 216 

AGA AAA GAT GAA GAA GGA ACT GA4 AAA CTT ACT AAC AAA CAG ATA GGT TAG TGA AGAAAAATGCAAAGTAGCAATGAGAAGGCTTATGG 737 
RKDEEGTEKLTNKPIG.. 232 

AGTAAAAATGAAGTCAGTTGGT~TCCCAAAGTGTTGTTCTGATTATCTAAAATTTGACATGGTAGACCTTGC~G~T~GCAGGTGAGACAGGGAG 844 
AAGTATGCCTGCTTAATTBbZIBAACTGTGTACTTTTGTTTTGACACTGAATATTTTAAAAAGC~T~T~~TAACTAAGCATTTGAGG~ATTTTAAGGATA 951 
AATTGAGGAAACTGATTAATAGAGATAGC~GGGATAATTA~TATTCCCTATGTAGCAACAGTGGTTAGATGATCTTTGTCT~ATGT~A~ACTTTGAA 1058 
TAGTTTTAGTGTGTCCTTAAAGCCAAGTATATGCTTTAACATCAAATGGAAGTCAATTCCTAATCCATAGATAGAG4~GCT~ACTGTGTA~TGGTATCT 1165 
TCCTTGCTGGATGTGGCAGAATCCACACCAGCTTATCAACCAACACAGCTAATTTTAGAATAGGTCCTTTATCTTTCCATATGGCACACGTAAGAAAGTGTTTTTCT 1272 
ACTATTAATATTAAATTAAAACCTTTACTTTTGTATAATAAATTAAAACTCAGAATAI\ACCTCTGTGACCACGT~~~~ 1344 

atatttgcattcactttattactttagagaacaca 
ttgtaaagatcaataagaaatagagcacaactaaaataaataag~tagccacaccaataggctagtgtaaacgaaagtatgtttcactgtttatgattaataa 
tattcatcttttctataaatactacttactggaacattaacaacaagtccaaaggttgattaattttgactcaggagcagagctatgattata 3' 

FIG. 3. cDNA and genomic nucleotide sequences and predicted amino acid sequence of EVZ2 (a) and hydropathy profile of predicted 
EVZ2 protein (b). (a) The cDNA nucleotide sequence is capitalized; the flanking genomic sequences are in lowercase. The cDNA sequence is 
numbered beginning with the putative initiating ATG codon and ending with the T nucleotide at position 1344, in the cDNA this T is followed 
by a series of 12 A’s that end at the EcoRI cloning site of the vector. The genomic sequence corresponding to the position of the poly(A) tract 
is aligned beneath it. The flanking genomic sequences are not numbered. The single 2.3-kb intron of EVZ2 is not shown in its entirety; ellipses 
. . . represent the omitted portion of the intron. The EcoRI site that helped to position this sequence on the restriction map of the region 
(Fig. 5) is boxed. In the open reading frame (ORF) the triangle lying between predicted amino acids 26 and 27 indicates the most likely cleavage 
site for the putative signal peptide; single underlining denotes potential sites for N-linked glycosylation; double underlining indicates the 
strongly hydrophobic, presumably transmembrane, segment of the predicted protein; and asterisks mark the amino acids contributing to the 
leucine zipper. In the 3’ noncoding sequence single underlining identifies potential polyadenylation signals, and double underlining marks a 
reiterated pentamer shared by rapidly degraded mRNAs. (b) Hydropathy profile. Deflections above zero indicate hydrophobic regions. 

lication). Another difference between mouse Evi-2 and 
human E VI2 transcripts is that in the 3’ untranslated 
region the mouse transcript has no AUUUA pentamers, 
although four are present in the human transcript. 

Figure 4 compares the predicted peptide sequences 
of EVI2 from human brain and Evi-2 from murine 
brain. The overall identity of amino acid residues is 
approximately 65%, with greater homology within two 
well-conserved regions. First, 14 of 17 residues (82%) 
match (with no gaps) in the signal peptide. Second, 86 
of 99 amino acids (87%) match (with one gap of a single 
residue) in a segment that begins with the transmem- 
brane domain and continues through the cytoplasmic 

domain. The longest perfectly conserved segment 
(100% identity, no gaps) is a !&residue segment that 
contains the leucine zipper. Three cysteine residues 
are found in both proteins; since these are conserved 
and lie near or within the leucine zipper, they 
may contribute stabilizing disulfide bridges within the 
EV12 protein or between it and the protein to which 
it binds. In the less conserved extracellular domain, 
47 of 112 residues (42%) match and there are three 
single-residue gaps and one four-residue gap. This 
region contains five potential glycosylation sites 
in both mouse and human; two of the five sites are 
conserved. 
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FIG. 3-Continued 

Location of EVI2 with Respect to the NFl 
Translocation Breakpoints 

As shown in Fig. 5, the entire E VI2 consensus cDNA 
sequence that has been obtained thus far lies within 
the interval between the translocation breakpoints and 
consists of two exons separated in genomic DNA by a 
2.3-kb intron. Transcription is in the direction indi- 
cated by the arrow; i.e., the 5’ end of the sense strand 
is toward the telomere of 17q. This genomic organi- 
zation was deduced from the following experiments. 

First, comparison of the consensus cDNA sequence 
to the sequenced portions of cosmid cEVI20 (R. Weiss, 
manuscript in preparation) showed that the 197 bases 

at the 5’ end of the cDNA were identical to a 197-base 
sequence contained within one cosmid segment, and 
the 1366 bases at the 3’ end of the cDNA were identical 
to a 1366-base sequence contained within a different 
cosmid segment (Fig. 3a). In each of these two cosmid 
segments, sequences that continued beyond both 
boundaries of the sequence shared with the cDNA were 
found. The genomic sequences lying 3’ of the 197-base 
cDNA sequence and 5’ of the 1366-base cDNA sequence 
appear to be splice junctions. 

Probes from the 3’exon (exon 2 of Fig. 5) hybridized 
only to the 9.5-kb EcoRI fragment from cEVI20 and 
cEVI36, as indicated in Fig. 5. A probe from the 5’ exon 
(exon 1 of Fig. 5) hybridized only to the adjacent lo- 

mF-SLsPGTKANYTRLwANsTsswDs"IQNKTGRN*NENINTNPIT 61 
I I I I: I I I I I I I I I I: I I I I :: I I I: I I I I :I II :I: :I III :I 

MEHKGQYLHLVFLMTTVWASSSSGTRP~THLWASSVTASGSSNQNGSS~PSDN-~NL~ 61 

human PEVDYKGNSTNMPETSHIVALTSKSEQELYIPSWSNSPSTVQSIEWSKSHGEIFKKDVCA 123 
I I: I I:I I I:III I II I:I Il:II IIl:II 

lMP.lS~ PAVGHKVSATDKPASSPPVPLASTSTLKSSTPHAFRN88PEVCE 118 

ENNNNMAMLICLIIIAVLFLICTFLFLSTWLANKVSS~SKQVG~QPRSNGDFLA-SGL 184 

TWLANKVSSLKRSKQVGKRQPRSNGDFLASSGL 180 
********************** 

WPAESDTWKRTKQLTGPNLVMQSTGVLTATRERKDEEGTEKLTNKQIG 232 
I I I I I I I I I I : I I I I I :: I I I I I I I I I I I I I I I I I I 

WTAESCTWKRAKELTGSNLLLQSPGVLTAARERKHEEGTEKLN 223 

FIG. 4. Amino acid homologies of predicted EV12 proteins from human and mouse. Identical residues are joined by a vertical bar. 
Conservative substitutions are joined by a colon. Gaps introduced to optimize the alignment are shown as hyphens. Heavy overlining identifies 
segments highly conserved between mouse and human. Potential N-glycosylation signals (with N as the glycosylation site) are in boldface. 
The single long hydrophobic segment is underlined. Asterisks indicate the leucine zipper. 
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FIG. 5. Location of transcripts and conserved genomic segments in the translocation-breakpoint region. The long open bar is a BamHI 
(B) and EcoRI (E) restriction map of the region of chromosome 17q containing the two NFl translocation breakpoints. The centromere is 
toward the left; the telomere is toward the right. The t(1;1’7) and t(17;22) breakpoints lie somewhere within the respective stippled sections. 
Below the restriction map are shown four genomic cosmids that span the region and five shorter restriction fragments. TheBglII (G) restriction 
map of cosmid cEVI36 is included. Above the EcoRI/BamHI restriction map cDNA clones are represented as arrows and heavy bars overlying 
the restriction fragments to which they hybridize. The length of an arrow or heavy bar is scaled to the length of the isolated cDNA. The two 
exons of the EVZ2 consensus cDNA, numbered “1” and “2”, have been precisely mapped and are shown as an interrupted heavy arrow; the 
direction of the arrow indicates the direction of transcription. The 9.5-kb restriction fragment of cosmids cEVI20 and cEVI36 to which EVZ2 
exon 2 hybridizes is emphasized by doubly thick line segments within the two cosmids. The arrow centromeric of EVZ2 represents the largest 
cDNA clone isolated thus far from the RCI locus. This cDNA also has been precisely mapped by PCR, again, the direction of transcription is 
indicated by the arrow. cDNAs from the HB36 and HB15 loci are represented by bars instead of arrows because the direction of transcription 
is not yet known. Since precise mapping of these clones has not yet been accomplished, they are shown centered over the restriction fragments 
to which they hybridize, with dashed lines indicating that their sequences could lie anywhere within these restriction fragments. The five 
restriction fragments at the bottom of the figure identify genomic segments apparently evolutionarily conserved between mouse and human. 

kb EcoRI fragment from cEVI20 (and not at all to 
cEVI36). Furthermore, as neither exon contains an 
EcoRI site, each exon is contained entirely within the 
genomic EcoRI fragment it detects. We were able to 
determine the exact position of the 3’ exon within the 
9.5-kb EcoRI fragment because the sequenced genomic 
segment containing the 3’ exon also includes the EcoRI 
and BumHI sites that lie between the exons. This 
EcoRI site lies 134 bp telomeric of the 5’ end of the 3’ 
EV12 exon (see box in Fig. 3a). 

The size of the intron was determined by PCR. A 
primer based on the sequenced genomic segment con- 
taining the 5’ EV12 exon and another primer based on 
the genomic segment containing the 3’ exon were used 
for PCR with cEVI20 as template. After agarose gel 
electrophoresis, ethidium bromide staining revealed a 
single band. The size of this band and the known po- 
sitions of the primer sequences relative to the exons 
indicate that the intron is 2.3 kb long. 

Search for EV12 Mutations Specific to NFl Patients 

As yet, no mutations in EV12 specific to NFl pa- 
tients have been found, although several techniques 
capable of detecting different types of mutation have 
been applied in the course of this search. All NFl pa- 
tients were diagnosed by the criteria of Stumpf et al. 
(1987). TO screen for large-scale deletions or insertions 

in the region of EVI2, EV12 cDNA clones were used 
to probe genomic DNA from 38 unrelated NFl patients 
and several non-NFl controls, after digestion of the 
DNA with rare-cutting restriction endonucleases fol- 
lowed by pulsed-field gel electrophoresis. To screen for 
medium-scale deletions or insertions, these same 
probes were used to screen genomic DNA from 87 un- 
related NFl patients after digestion with restriction 
enzymes with 6-base recognition sites and standard 
agarose gel electrophoresis (O’Connell et al., 1990). To 
screen for small deletions or insertions in the ORF of 
EVI2, three pairs of oligonucleotide primers were used 
to amplify by PCR the ORF from genomic DNA of 97 
NFl patients, in overlapping segments from 230 to 380 
bp long, and the amplified products were electropho- 
resed through 4% sieving agarose gels. To screen for 
point mutations in E VI2 we analyzed genomic DNA 
from four sporadic NFl patients and their (unaffected) 
parents, by the PCR-single strand conformation poly- 
morphism (PCR-SSCP) method of Orita et al. (1989); 
three overlapping PCR products from 230 to 380 bp 
long encompassing the EV12 ORF and one PCR prod- 
uct 305 bp long containing all of the 5’ exon sequence 
represented in EV12 cDNA clone E-An7 (see Fig. 1) 
were prepared from each individual, heat-denatured, 
and subjected to electrophoresis through 4-5% non- 
denaturing polyacrylamide gels. None of the above 
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procedures identified a restriction fragment or PCR 
product specific to NFl patients. The EV12 ORFs of 
two of these sporadic patients have been sequenced in 
their entirety and found to match non-NFl sequence. 
To look for abnormalities at the RNA level, EBV- 
transformed lymphoblast RNAs from 12 unrelated NFl 
patients were screened with cDNA clone E-9.4; no 
aberrant EV12 transcripts were found. 

Detection of Additional cDNA Clones and 
Evolutionarily Conserved Genomic Regions: 
Location with Respect to the NFl 
Translocation Breakpoints 

Using genomic DNA segments from the NFl trans- 
location breakpoint region to probe cDNA libraries, 
we have detected three additional classes of cDNAs 
apparently unrelated to each other or to the EV12 
cDNAs described above; cDNAs in a given class hy- 
bridize to other cDNAs in the same class but not to 
cDNAs of other classes. Figure 5 shows the location of 
the largest cDNA clone from each of these loci (HB36, 
RCl, and HB15) on the map of the translocation- 
breakpoint region. Preliminary mapping of these cDNA 
clones onto the genome indicates that none of them 
spans either of the two NFl translocation breakpoints. 
The cosmid restriction fragments GE5.2, BE2.5, BE9.0, 
and EE14 (Fig. 5), which hybridize to cDNAs from the 
HB36, RCl, EV12, and HB15 loci, respectively, also 
cross-hybridize to restriction fragments of rodent DNA, 
suggesting the presence of evolutionarily conserved re- 
gions likely to contain genes. One additional evolu- 
tionarily conserved region has been found with probe 
EE3.8, a 3.8-kb EcoRI fragment from cT311 that does 
span the t( 17;22) translocation breakpoint; however, 
thus far this probe has not detected any positive clones 
in screens of several cDNA libraries, or any transcripts 
on RNA blots. 

DISCUSSION 

The location of the E VI2 gene between NFl trans- 
location breakpoints and the association of its murine 
homolog with neoplasia make it a strong candidate for 
the NFl gene. Although the predicted protein product 
of EV12 has no significant homology to the products 
of known oncogenes, its structure suggests that it may 
be a growth-factor receptor. It appears to be a glyco- 
sylated protein with a single membrane-spanning do- 
main that, by virtue of its leucine zipper, may interact 
with another membrane-bound protein. Such a struc- 
ture is not inconsistent with our expectation for a gene 
product involved in neoplasia. 

The high degree of conservation of membrane-span- 
ning and cytoplasmic domains between mouse Evi-2 
and human E VI2 suggests that any mutation in these 

regions may disrupt function. Even in the less well- 
conserved extracellular domain, two of the potential 
glycosylation sites are identically located. However, the 
presence in mouse of a second, 2.2-kb transcript with 
a different 5’ sequence that varies in proportion in dif- 
ferent tissues, the absence of the AUUUA motif in the 
3’ noncoding region of the murine Evi-2 transcript, and 
the divergence between mouse and human amino acid 
sequences in the extracellular domain of the predicted 
protein product suggest that there may be significant 
differences between mouse and human in the regulation 
and function of this gene. If EV12 is the NFl gene, 
such differences may account for the fact that no mouse 
with a clinical phenotype like NFl has ever been found. 
On the other hand, in light of the apparent role of Evi- 
2 in murine leukemogenesis, it is worth noting that 
juvenile chronic myelogenous leukemias have been re- 
ported to occur more often in NFl patients than in the 
general population (Bader and Miller, 1978; Mays et 
aZ., 1980; Clark and Hutter, 1982). It is also possible 
that EV12 is not the NFl gene but when disrupted in 
the human (as in the mouse) predisposes the individual 
to particular leukemias; thus, NFl patients with leu- 
kemias may have mutations (e.g., large deletions) that 
affect the NFl gene and the EV12 gene simultaneously. 

An extensive, but not exhaustive, search for muta- 
tions in the EV12 gene specific to NFI patients has 
been unsuccessful. If deletions removing part or all of 
the NFl gene or point mutations in the ORF of the 
gene are common lesions causing the disease, then 
E VI2 is probably not the NFl gene, since our screening 
procedures would have been likely to detect such 
changes. However, we have not yet found the 5’ end of 
the EV12 mRNA, and we have not yet carefully ex- 
amined the 2.3-kb intron, the 3’ noncoding sequences 
of the mRNA, or the 5’ and 3’ genomic sequences 
flanking the transcribed region of E V12. These studies 
are under way and may yet reveal mutations specific 
to NFl patients. 

Could the DNA rearrangements in the two NFl pa- 
tients with chromosomal translocations be exerting 
their influence in some way other than by interruption 
of the NFl gene? One possibility is that the translo- 
cation breakpoints act over a distance to interfere with 
the normal expression of EV12 or another transcription 
unit in the vicinity. Consistent with this idea are studies 
in the mouse that suggest that viral insertions down- 
stream of Evi-2 can activate the oncogenic potential 
of this locus (Buchberg et al., submitted for publica- 
tion). Furthermore, many of the activations of c-myc 
by chromosomal translocation in Burkitt lymphomas 
do not appear to involve rearrangement of the c-myc 
gene itself; some breakpoints are as far as 260 kb away 
(Haluska et al., 1987a,b; Henglein et al, 1989). Re- 
cently, it was suggested that a t(Y;22) translocation 
described by Page et al. (1987) may have inactivated 
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the testis-determining gene, located at least 80 kb away 
from the translocation breakpoint (Palmer et al., 1989). 
An additional precedent for translocational inactiva- 
tion or alteration of the regulation of genes over a local 
region of a chromosome is the “position-effect varie- 
gation” observed among translocations and chromo- 
somal rearrangements in Drosophila (e.g., see Spoffard, 
1976). Thus, if the t(1;17) and t(17;22) translocation 
breakpoints are affecting the NFl gene without inter- 
rupting it, any of the genes described here could be the 
NFl gene; but it is also possible that none of them is 
the NFl gene and that the NFl gene lies either cen- 
tromeric or telomeric of the cloned region analyzed 
here, perhaps many kilobases away. 

Determination of whether any of the transcripts re- 
ported here has an etiogical role in NFl will require 
the identification in these transcripts of mutations that 
are specific to NFl patients. Despite our initial expec- 
tation that changes in a gene with such a high mutation 
frequency (1 in 10,000 gametes per generation; Riccardi 
and Eichner, 1986) often would be deletions, deletions 
have not yet been found in the NFl region. Therefore, 
candidate genes must be screened in NFl patients by 
techniques capable of detecting point mutations. This 
task will be made somewhat easier because approxi- 
mately half of all NFl patients carry a new (not in- 
herited) mutation; in these people the NFl mutation 
should be distinguishable as a DNA sequence found in 
neither parent. With the sequence data presented here, 
investigators can rapidly test whether E VI2 plays a 
causative role in NFl. 
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Note added in proof. PFGE analysis of 40 additional NFl patient 
DNAs reveals 2 samples, each with a smaller fragment in addition 
to the normal Not1 fragment that encompasses the two translocation 
breakpoints. This provides additional support for the localization of 
NFl to this region. 
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