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Approximately 15% of BXH-2 myeloid leukemias harbor proviral integrations at the Evi-2 common viral
integration site. Evi-2 is located within a large intron of the NfI tumor suppressor gene, raising the possibility
that proviral integration at Evi-2 predisposes mice to myeloid tumor development by disrupting Nf1 expression.
This hypothesis is supported by data suggesting that mutations in the human NFI gene are causally associated
with the development of juvenile chronic myelogenous leukemia (K. M. Shannon, P. O’Connell, G. A. Martin,
D. Paderanga, K. Olson, P. Dinndorf, and F. McCormick, N. Engl. J. Med. 330:597-601, 1994) and mouse
studies showing that aged mice, heterozygous for a germ line NfI mutation, develop myeloid leukemia with loss
of the wild-type NfI allele (T. Jacks, T. S. Shih, E. M. Schmitt, R. T. Bronson, A. Bernards, and R. A. Weinberg,
Nat. Genet. 7:353-361, 1994). To determine if viral integration at Evi-2 disrupts NfI expression, we derived a
series of BXH-2 myeloid leukemia cell lines with or without viral integrations at Evi-2. In all cell lines
examined, viral integration at Evi-2 resulted in the production of only truncated NfI transcripts and no stable,
full-length neurofibromin. Although neurofibromin is a GTPase-activating protein (GAP) for p21"™ proteins,
its loss in the BXH-2 leukemic cell lines was not correlated with an increased steady-state level of p21™* bound
to GTP. These data suggest that neurofibromin is not the sole mediator of Ras-GAP activity in myeloid cells
and may have a GAP-independent function in myeloid cells.
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BXH-2 mice have one of the highest spontaneous incidences
of retrovirally induced myeloid leukemias of any inbred mouse
strain (7, 29). In an attempt to identify genes that cause my-
eloid disease in BXH-2 mice, we have been cloning somatically
acquired proviruses from BXH-2 tumors and determining if
they are located at common viral integration sites. One such
common viral integration site that we identified is Evi-2 (eco-
tropic viral integration site 2) (12). Approximately 15% of
BXH-2 myeloid leukemias have viral integrations at Evi-2 (12).
The viral integrations at Evi-2 are spread over an ~18-kb
region and are all located within a single large intron of the
neurofibromatosis type 1 (NfI) gene (12, 14, 60).

The NfI gene spans more than 350 kb of genomic DNA and
encodes an mRNA of 12 to 13 kb comprising more than 50
exons (reviewed in reference 23). NfI is expressed beginning
early in development, and NfI transcripts are found in many
embryonic and adult tissues (13, 60, 62). The Nfl-encoded
protein, neurofibromin, is 2,818 amino acids in length and
shares a central region of homology with several GTPase-
activating proteins (GAPs) (13, 64). GAP genes negatively
regulate Ras by catalyzing the conversion of the active GTP-
bound form of Ras to the inactive GDP-bound form (reviewed
in reference 42).

One of the most common human genetic diseases, von
Recklinghausen neurofibromatosis or neurofibromatosis type
1 (NF1), is caused by mutations in the NFI gene (60, 62). The
two most common clinical features of NF1 include the forma-
tion of neurofibromas, which are benign tumors of the periph-
eral nerves composed mainly of Schwann cells and fibroblasts,
and café-au-lait spots, which are hyperpigmented spots on the
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skin (23). While NF1 is inherited as an autosomal dominant
disease, NFI mutations are recessive at the cellular level (23).
NFI is thus a member of an ever-expanding class of genes,
called tumor suppressor genes, in which both alleles must be
mutated for tumor formation to occur. The tumor suppressor
function of NFI is consistent with its postulated role as a
negative regulator of Ras.

NF1 patients are at increased risk for developing certain
malignancies, including neurofibrosarcomas, astrocytomas,
pheochromocytomas, and embryonal rhabdomyosarcomas (2).
Juvenile patients with NF1 also have an increased incidence of
myeloid leukemia, notably juvenile chronic myelogenous leu-
kemia and monosomy 7 syndrome (2, 3, 55). Leukemic cells
from affected children with NF1 frequently show loss of het-
erozygosity for markers within and near the NFI gene, with
retention of the mutant NFI allele, inherited from the parent
with NF1 (55). These results are consistent with the hypothesis
that mutations in the NFI gene predispose people to the de-
velopment of myeloid leukemia. A small percentage of aged
mice, heterozygous for a germ line NfI mutation, also develop
myeloid leukemia with loss of the wild-type NfI allele in the
tumor, suggesting that mutations in the murine gene predis-
pose mice to myeloid tumor development as well (28).

During the cloning of the NfI gene, three other genes, Evi-
24, Evi-2B, and Omgp, that are located in the same large NfI
intron as the Evi-2 common integration site were identified
(12, 14, 60, 61). The direction of transcription of all three genes
is opposite that of NfI (14, 60, 61). Omgp encodes a known
protein, oligodendrocyte-myelin glycoprotein (43). The Evi-24
and Evi-2B genes encode novel genes of unknown function.
Evi-24 and Evi-2B are expressed in a number of different cell
types, including myeloid cells, and both genes are located
within the Evi-2 locus (12, 14). This finding has led to specu-
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lation that viral integration at Evi-2 alters expression of Evi-2A4
or Evi-2B and that it is this altered expression that predisposes
mice to myeloid tumor development.

In studies described here, we have derived a series of BXH-2
myeloid leukemia cell lines with and without viral integrations
at Evi-2 and used them to determine whether viral integration
at Evi-2 disrupts NfI expression. We have also determined
whether disruption of NfI in BXH-2 myeloid tumor cells leads
to changes in Ras-GTP levels.

MATERIALS AND METHODS

Generation of BXH-2 myeloid leukemic cell lines. Primary tumor cells were
plated in high-glucose glutamine-containing Dulbecco’s modified Eagle’s me-
dium (BioWhittaker, Walkersville, Md.) supplemented with 10% fetal bovine
serum (BioWhittaker), 10% NCTC 109 medium (Sigma, St. Louis, Mo.), 107> M
B-mercaptoethanol, 100 U of insulin (Sigma), per ml, 1 mM sodium pyruvate
(Gibco-BRL, Gaithersburg, Md.), 1 mM oxalacetic acid (Sigma), 0.1 mM non-
essential amino acids (Gibco-BRL), 10 mM N-2-hydroxyethylpiperazine-N'-2-eth-
anesulfonic acid (HEPES) buffer (Sigma), and penicillin-streptomycin (Gibco-
BRL). Tumor cells were plated at 2.5 X 10° to 5 X 10° cells per ml and fed biweekly.

Preparation and analysis of DNA and RNA. High-molecular-weight genomic
DNA was prepared and analyzed by Southern blotting as described before (29).
For “unblot” analysis, the procedure of Tsao et al. (59) was followed, with minor
modifications. Ten micrograms of genomic DNA was separated on an 0.8%
agarose gel, dried under vacuum for 1.5 h at 50°C, and hybridized for 4 h at 55°C
in the following buffer: 6X SSPE (20X SSPE is 175.6 g of NaCl, 27.6 g of
NaH,PO,, and 7.6 g of disodium EDTA per liter [pH 7.4]), 5X Denhardt’s
solution (50X Denhardt’s solution is 1% [wt/vol] Ficoll-400, 1% [wt/vol] polyvi-
nylpyrrolidone, and 1% [wt/vol] bovine serum albumin [BSA; fraction V; Sig-
mal), 0.5% (wt/vol) sodium dodecyl sulfate (SDS), 0.05% (wt/vol) sodium phos-
phate, and 10 mg of denatured salmon sperm DNA per ml. The probe used was
a polynucleotide kinase (New England Biolabs, Beverly, Mass.)-labeled oligonu-
cleotide probe (Aenv, 5'-GTCTTCAATGTTACAAGGGTGGTTTG-3') spe-
cific for murine AIDS-related viruses (MRVs) (16). The unblot was washed to
1X SSC (1x SSC is 0.15 M NaCl plus 0.015 sodium citrate [pH 7.0]) at 55°C.
Probes B, D, and E from the Evi-2 locus have been described before (12). The
eco probe is a 400-bp Smal fragment derived from the env gene of pAKV623
(15). The Ck probe, used to detect rearrangements of the immunoglobulin k
light-chain (Igk) genes in BamHI- and EcoRI-digested genomic DNAs, was a
4.5-kb HindIII-to-BamHI fragment from the BALB/c mouse Igk constant-region
gene (41). The Jy; probe, used to detect immunoglobulin heavy-chain (Igh) gene
rearrangements in EcoRI-digested genomic DNAs, was a 6.0-kb Xbal fragment
from plasmid pRI-JH, which spans the mouse Igh gene joining region (1). The
JB1 and JP2 probes (34) and their use to detect T-cell receptor B-chain gene
(Tcrb) rearrangements have been described before (45).

Poly(A)* RNA was isolated by the method of Badley et al. (4). The RNA was
separated on a 0.8% agarose—formaldehyde gel and transferred to a Zetabind
(AMF Cuno, Inc.) membrane. The blot was hybridized by the method of Church
and Gilbert (17). Northern (RNA) blots were stripped by boiling for 20 min in
0.1X SSPE-0.5% SDS and then rinsing twice in 2X SSPE. The NfI-5' probe was
a 550-bp PCR-generated probe including sequences from the NfI GAP-related
domain, which is upstream of the large intron that contains Evi-2. The NfI-5’
probe was amplified by using two primers, 5'-GGTTACCACAAGGATCTC
CAG-3' and 5'-GCTTCATACGGTGAGACAATGG-3', and random-primed
mouse brain cDNA as a template. The NfI-3' probe, from sequences down-
stream of the large intron that contains Evi-2, was generated by PCR using
primers and plasmid pmDV1 as described before (13). The glyceraldehyde phos-
phate dehydrogenase probe was a 1.3-kb PstI fragment from the rat glyceralde-
hyde phosphate dehydrogenase gene (20). Double-stranded probes were labeled
with [a-*?P]dCTP (Amersham Life Science, Arlington Heights, Ill.) by using a
random-priming kit (Stratagene, La Jolla, Calif.).

Western blot (immunoblot) analysis. For Western blot analysis, cells were
rinsed in ice-cold Tris-buffered saline (TBS; 137 mM NaCl, 20 mM EDTA [pH
8.0]) and lysed in ice-cold lysis buffer (TBS with 1% Nonidet P-40, 10% glycerol,
1 mM phenylmethylsulfonyl fluoride, 10 wg of aprotinin per ml, 1 ng of leupeptin
per ml, and 0.5 mM sodium vanadate). The lysed cells were rocked for 15 min at
4°C, the nuclei were pelleted, and the cytoplasmic lysates were stored at —70°C.
Lysates from 7.5 X 10° cells were separated on SDS-6% polyacrylamide gels by
the method of Laemmli (35) and electrotransferred at 0.5 A to 0.45-pm-pore-
size nitrocellulose blots (Schleicher & Schuell, Keene, N.H.) in transfer buffer
(25 mM Tris base, 192 mM glycine, 20% methanol) at 4°C for 4 h. These blots
were blocked for 1 h in 1% BSA (fraction V; Sigma)-phosphate-buffered saline
(PBS), hybridized overnight at 4°C with 1 ug of affinity-purified, amino-terminal
antineurofibromin antisera (18) per ml in a 10-mg/ml mixture of BSA-PBS with
0.05% Tween 20, washed three times for 15 min each time at room temperature
in 0.1% Tween 20-TBS, hybridized for 1 h at room temperature in 0.1% Tween
20-TBS with a 1/20,000 dilution of peroxidase-conjugated goat anti-rabbit anti-
body (Amersham Life Science), and washed as before, and the bound secondary
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antibody was visualized by using a commercially available chemiluminescence kit
(ECL kit; Amersham Life Science).

Cytochemistry and flow cytometry. Leukemic cells were analyzed cytochemi-
cally for nonspecific esterase, n-naphthyl chloroacetate esterase, and myeloper-
oxidase, using commercially available kits (Sigma). WEHI-3 cells (50) were used
as a positive control for these strains. Flow cytometry was performed with
fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated monoclo-
nal antibodies. The following monoclonal antibodies were supplied by Pharmin-
gen (San Diego, Calif.) and used at 1 wg/10° cells: CD3-FITC, B220-FITC,
Mac-1-FITC, Gr-1-PE, Thy-1.2-FITC, Sca-1-PE, and c-Kit-FITC. Rabbit anti-
serum against murine CD34 was supplied by Larry Laskey (Genentech, South
San Francisco, Calif.) and used at a 1:200 dilution. Secondary goat anti-rabbit-
FITC was then used at a 1:80 dilution. Cells were stained with antibodies diluted
into 2.0% BSA-PBS. All incubations were at 4°C for 15 min; cells were washed
three times and fixed in 1% paraformaldehyde-2.0% BSA-PBS. Positive cells
had fluorescence intensities at least 10 times above the background level. Back-
ground fluorescence intensities were determined by using isotype-matched
FITC- or PE-conjugated antibodies. Cell line EL4 (47) and primary mouse
thymocytes were used as positive controls for CD3, Thy-1.2, and Sca-1 staining.
Cell lines 70/Z3 (48) and WEHI-231 (36) were used as positive controls for B220
staining. Cell lines M1 (27) and granulocyte/macrophage colony-stimulating fac-
tor (GM-CSF)-induced myeloid cell cultures from fetal livers were used as
positive controls for Mac-1, CD34, and c-Kit staining. Cell line WEHI-3 (50) and
GM-CSF-induced myeloid cell cultures from fetal livers were used as positive
controls for Gr-1 staining.

In vivo Ras-GTP assays. The assays were performed with cells grown to about
75% maximal density (about 2 X 10° to 3 X 10%ml for myeloid leukemia cell
lines), which were then switched to fresh medium containing 10% dialyzed fetal
bovine serum (Gibco-BRL), Dulbecco’s modified Eagle’s medium phosphate-
free (BioWhittaker), 3% NCTC 109 medium (Sigma), 107> M B-mercaptoetha-
nol, 1 mM sodium pyruvate (Gibco-BRL), 1 mM oxalacetic acid (Sigma), 10 mM
HEPES buffer (Sigma), and penicillin-streptomycin (Gibco-BRL), plated at 3 X
10° cells per ml in 3 ml, and labeled with 32P; at 0.35 mCi/ml (1 Ci = 37 GBq)
for 3 to 6 h. In some assays, the medium was supplemented with more serum,
insulin, or GM-CSF. Cell lysis, immunoprecipitation of p21"** with monoclonal
antibody Y13-259 (Oncogene Science, Uniondale, N.Y.), and chromatography of
the solubilized nucleotides were performed as previously described (65). Quan-
tification of the chromatograms was done with a Molecular Dynamics Phospho-
rImager: SF radioanalytic system or densitometric scanning, which gave similar
results, and the results were normalized for phosphate content.

RESULTS

BXH-2 leukemic cell lines. BXH-2 leukemic cell lines are
notoriously difficult to establish, and characterization of only
one BXH-2 tumor cell line has been published to date (6). Of
78 primary BXH-2 myeloid leukemias that we placed in cul-
ture, 14 (18%) were successfully established in vitro. Among
the cell lines established are those that grow slowly and only
when in contact with a fibroblast-like feeder layer, derived
from the original tumor mass (Fig. 1B). Other lines grow
quickly in culture without a feeder layer (Fig. 1A). Most of the
cell lines are density dependent and have low plating efficien-
cies. Several of the cell lines grow faster when GM-CSF or
interleukin-3 is added to the media, but none of the lines are
dependent on these factors or insulin, which was routinely
added to the media (data not shown).

Most of the cell lines have features consistent with a my-
elomonocytic origin. For example, eight of nine lines charac-
terized in detail were positive for nonspecific esterase, which
marks cells of the granulocytic (neutrophil) and monocyte/
macrophage lineages, while three of the lines were positive for
n-napthyl chloroacetate esterase, which marks cells of the
granulocytic lineage (Table 1). None of the lines were positive
for myeloperoxidase (MPO), which is expressed in more dif-
ferentiated granulocytes and monocytes (37). Two of the lines
had Igh rearrangements, which are sometimes seen in myeloid
leukemia (52), and none had Igk or Tcrb rearrangements (Ta-
ble 1), which are specific for B and T cells, respectively.

To further define the phenotypes of the cell lines, we stained
the cells with fluorescently labeled antibodies specific for var-
ious cell surface antigens and analyzed them by flow cytometry
(Table 2). With the exception of B140, which stained positive
for the B-cell marker B220, none of the lines were positive for
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FIG. 1. Photomicrographs of BXH-2 leukemic cell lines in culture. (A) Cell line B117, which grows quickly as nonadherent, blast-like cells; (B) cell line B114, which
grows slowly and only when in contact with a fibroblast-like, tumor-derived feeder layer. Magnification, X100.

B220 or the T-cell marker CD3 (25). In contrast, most of the
lines were positive for the myeloid lineage marker Mac-1 (25).
Line B114 was also positive for the macrophage and granulo-
cyte marker Gr-1 (25). The cell lines also variably expressed
markers often found on immature or progenitor hematopoietic
cells. These markers include Sca-1, CD34, c-Kit, and Thy-1.2
(9, 25, 44, 56). However, with the exception of CD34, only a
small percentage of the cells growing in culture were positive
for these markers. CD34 is a marker of immature murine

TABLE 1. Characteristics of BXH-2 leukemic cell lines

Gene No. of
rearrangements” proviruses®

Cytochemistry”
Line  Growth

NSE CAE MPO Igh Igk Tcrb Evi-2 Ecotropic MRV

B106E Slow + — -+ - - = 4 0
B106L.  Fast + - - + - - + 2 0
B112 Fast + + - - - - = 1 0
B113 Fast + - - - - - - 3 0
B114 Slow  + + e 2 0
B117 Fast + + - - - = + 6 1
B119 Fast + - - + - - - 2 0
B132 Fast + — - - - - = 7 1
B139 Fast + - - - - - - 2 1
B140 Fast - — - - - - = 2 0

“ Cells were stained for the myeloid esterases nonspecific esterase (NSE),
n-naphthyl chloroacetate esterase (CAE), and myeloperoxidase (MPO). +, pos-
itive staining; —, negative staining.

b +, one or more DNA rearrangements were detected at the locus; —, no DNA
rearrangements were detected.

¢ Number of somatically acquired ecotropic or MRV proviruses.

hematopoietic cells, including the CFU-granulocyte/macro-
phage and CFU-spleen, but is not myeloid specific (33). CD34
is, however, usually expressed by human acute myeloid leuke-
mia cells, which helps distinguish them from acute lymphoid
leukemia (57). One cell line, B119, did not stain positive for
any of the markers and may represent a primitive stem cell line
which has lost CD34 expression as a secondary consequence of
transformation or growth in culture.

BXH-2 leukemic cell lines harbor somatically acquired eco-
tropic and MRV proviruses. To determine if the cell lines
harbor somatically acquired ecotropic proviruses, as expected
by their postulated mode of retroviral induction, genomic
DNA from each cell line was cleaved with Pvull and analyzed

TABLE 2. Immunophenotypes of BXH-2 leukemic cell lines

Phenotype”

Cell line

CD3 B220 Mac-1 Gr-1 Thy-1.2 Sca-1 CD34 c-Kit
B106E - - + - - +/—= ++ -
B106L - - + — - - ++  +/—
B112 - - + - +/= - ++  +/-
B113 - - +/- — +/— +/— ++ -
Bl114 - - ++ ++ - ++ — +/—
B117 - - + - - - ++  +/-
B119 - - - - - - - -
B132 - - + - - +/= ++  +/-
B139 - - ++ — - - + +/—
B140 - ++ - - - - - +/=

¢ —, 0% positive; +/—, 5 to 10% positive; +, 100% positive, dull; ++, 100%
positive, bright.
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FIG. 2. Somatic acquisition of ecotropic proviruses and alterations at the
Evi-2 locus in BXH-2 leukemic cell lines. High-molecular-weight genomic DNA
from BXH-2 cell lines (106E to 140) and the spleens of C57BL/6J (B6) and
C3H/Hel (C3H) mice were analyzed. (A) DNAs were digested with Pyull and
hybridized with an env probe specific for ecotropic proviruses (15). Two endo-
genous (i.e., germ line) ecotropic Pvull proviral/cell DNA junction fragments,
marked by asterisks, are seen in all BXH-2 DNAs. These represent Emv] and
Emy2, which were inherited from the C3H/HeJ and C57BL/6J parental strains,
respectively (29). In addition, these BXH-2 mice harbor a new endogenous,
ecotropic virus whose 9.5-kb Pvull proviral/cell DNA junction fragment is
marked by an arrow. All of the cell lines have one or more additional, somatically
acquired ecotropic proviruses, as evidenced by additional Pvull proviral/cell
DNA junction fragments. (B) DNA rearrangements at the Evi-2 locus are de-
tected by digestion of the DNAs with KpnI and hybridization with Evi-2 locus
probe D (see Fig. 4). The germ line Kpnl fragment is 24.2 kb. The apparent
doublets of this band in cell lines B114 and B119 are due to incomplete digestion.
Alterations are seen in one allele of B114 and B106L cells. Cell line B117 has
proviruses integrated into both alleles. As the D probe overlaps the site of
proviral integration, four fragments are produced (see Fig. 4). The two large
Kpnl fragments from B117 comigrate near 20 kb. The faint bands seen in lanes
132, 139, and 140 are not seen consistently and seem to be the result of nonspe-
cific hybridization sometimes seen with probe D. (C) The DNAs were digested
with EcoRI and hybridized with Evi-2 locus probe B (see Fig. 4). Cell line B117
has one full-length and one smaller provirus integrated within this EcoRI frag-
ment; one provirus has been integrated into each allele. Consistent with this
notion, no germ line EcoRI fragment is seen in B117 DNA. The sizes (in kilobase

pairs) and migration positions of molecular weight markers are shown at the right.

by Southern blot hybridization using an ecotropic virus-specific
envelope (env) probe (15). In such an analysis, each provirus
generates a single 3’ provirus/cell junction fragment that is
detectable with the ecotropic virus env probe. As seen in Fig.
2A, all cell lines harbor somatically acquired ecotropic provi-
ruses. The number of somatically acquired proviruses ranged
from 1 to 7 per line, with an average of 3.1 proviruses per line
(Fig. 2A; Table 1). On the basis of their hybridization intensi-
ties, some of the proviruses appear to be present at less than
one copy per cell. This result suggests that some of the tumors
were oligoclonal or that additional proviruses are being ac-
quired in culture. For cell line B106, it appears that the original
tumor was oligoclonal, as early-passage B106 (B106E) cells

J. VIROL.

FIG. 3. Somatic acquisition of MRV proviruses in BXH-2 leukemic cell lines.
Ten-microgram samples of genomic DNA from the cell lines (B106E to B140),
male C57BL/6J (B6) mice, and female C3H/HeJ (C3H) mice were digested with
EcoRlI, separated on an 0.8% agarose gel, dried, and hybridized with an MRV-
specific oligonucleotide probe, called Aenv (16), by the unblot procedure. EcoRI
does not cleave within the MRV genome, and so each band represents a unique
integrated provirus. The asterisk marks the position of the endogenous, or germ
line, MRV-1 locus, present in BXH-2 mice, which was inherited from the
C57BL/6J parental strain (16). An arrow marks the position of the germ line
MRV-5 locus, which is located on the BXH-2 Y chromosome (16). Separate
hybridization experiments with the Zfy-2 probe, specific for the Y chromosome
(39), shows that only B117, B119, and B140 are male cell lines (data not shown),
consistent with the detection of an MRV-4-comigrating EcoRI band in these
samples. Cell lines B117, B132, and B139 harbor one additional, somatically
acquired MRV provirus.

harbor at least four somatically acquired ecotropic proviruses
whereas late-passage B106 (B106L) cells harbor only a subset
of these proviruses (Fig. 2A).

Approximately half of the somatically acquired proviruses
previously characterized at Evi-2 represent defective, noneco-
tropic proviruses (12, 16). This defective provirus contains two
large deletions, one in pol and one in env, and is structurally
related to another defective provirus, the murine AIDS virus
(16). This defective virus has been termed MRV (16). Oligo-
nucleotide probes that span the pol and env deletions in MRV
are MRYV specific and can be used to screen for the presence
of somatically acquired MRV proviruses in tumor DNA. As
seen in Fig. 3, three of the lines harbor somatically acquired
MRYV proviruses. In each case, only one somatically acquired
MRYV was detected per tumor (Fig. 3; Table 1).

Proviral integrations at Evi-2 in BXH-2 leukemic cell lines.
Two of the cell lines, B114 and B117, harbor proviral integra-
tions at Evi-2 (Fig. 2B). The position and type (ecotropic virus
or MRV) of provirus integrated at Evi-2 were determined by
Southern blot analysis following digestion with Kpnl, which
cuts once within each ecotropic and MRV proviral long ter-
minal repeat, or EcoRI, which does not cleave ecotropic or
MRV proviruses, and hybridization with Evi-2 probes B, D,
and E (Fig. 4) (12). The orientation of each provirus at Evi-2
was determined by Southern blot analysis following digestion
with Sacl or Xbal, which both cut asymmetrically within eco-
tropic and MRV proviruses. From the analysis shown in Fig. 2,
it is apparent that line B117 has proviruses integrated in both
Evi-2 alleles. This is most easily observed in EcoRI-cleaved
DNA (Fig. 2C). Instead of a normal 7.2-kb fragment, indicative
of an unrearranged Evi-2 allele, two fragments of 12.5 and 16.1
kb were observed. Both integrations are within the second
exon of Evi-2A4; one provirus is a full-length ecotropic provirus,
and the other is an MRV provirus (Fig. 4). B114 has one
full-length ecotropic provirus integrated just downstream of
the second Evi-2B exon. The transcriptional orientation of all
three of these proviruses is the same as that of Evi-24 and
Evi-2B but opposite that of NfI (Fig. 4).

The B106 cell line acquired a rearrangement at Evi-2 during
in vitro culture; therefore, B106L cells show the rearrange-
ment, but B106E cells do not (Fig. 2A and B). It is possible that
a minor population of cells with this rearrangement was
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FIG. 4. Alterations at the Evi-2 locus in BXH-2 leukemic cell lines. The
upper part of the diagram shows (as black boxes) the relative positions, sizes, and
orientations of exons from the Evi-24, Evi-2B, Omgp, and NfI genes, near the
Evi-2 locus. The lower part displays a restriction map of the Evi-2 locus that
includes the positions of exons from the Evi-24 gene (shown as hatched boxes)
and the Evi-2B gene (shown as empty boxes). The following restriction enzyme
sites are shown: EcoRI (E), Sacl (S), and Kpnl (K). The distance between the
rightmost Sacl and Kpnl sites is 5.2 kb. Evi-2 locus probes B, D, and E, described
originally by Buchberg et al. (12), are shown above the restriction enzyme map
as black boxes. The positions, sizes, and orientations of proviruses integrated at
Evi-2 in cell lines B114 and both alleles of B117 (B117a and B117b) are indi-
cated. The position of the alteration at the Evi-2 locus, in B106L cells, is shown
at the bottom. The restriction map of Evi-2 in B106L cells diverges (indicated by
a dotted line) somewhere between the EcoRI and Sacl sites in the intron of the
Evi-2B gene. Some of the data used to generate this figure were presented in
references 12 and 14.

present in the original tumor and selected during in vitro
growth, or this rearrangement may have occurred de novo
during in vitro passage of the tumor cells. Southern blot data
are inconsistent with the presence of an ecotropic or MRV
provirus at Evi-2 in B106L cells. The precise nature of this
rearrangement is under investigation.

Nfl mRNA expression in BXH-2 leukemic cell lines. To
determine if viral integrations at Evi-2 affect NfI expression,
we performed a series of Northern blot analyses using
poly(A)* RNA isolated from the BXH-2 leukemic cell lines
(Fig. 5). Two hybridization probes were used in this analysis.
One probe (NfI-5") was derived from NfI coding sequences
located upstream of Evi-2, while the second probe (NfI-3") was
derived from NfI coding sequences located downstream of
Evi-2. All cells lines without viral integrations or rearrange-
ments at Evi-2 expressed a 12.5-kb transcript indicative of a
full-length NfI message (Fig. 5). A number of smaller transcripts
were also expressed by these cell lines. While the exact nature of
these smaller transcripts is not known, their variability in size and
abundance in different RNA preparations suggests that they rep-
resent Nfl degradation products (Fig. 5 and data not shown).

B117 cells, which harbor viral integrations in both Evi-2
alleles, produce no detectable wild-type NfI transcripts (Fig.
5). In B117 cells, a truncated 7.4-kb transcript was detected
with the upstream NfI-5' probe (Fig. 5A) but not the down-
stream NfI-3' probe (Fig. 5B), consistent with the notion that
this transcript terminates within the viral sequences located at
Evi-2. Likewise, in B114 cells, no normal NfI transcript was
detected. Instead, we identified a 9.0-kb transcript which, as in
B117 cells, was detected only with the NfI-5' probe (Fig. SA
and B). This result was somewhat surprising since B114 cells
harbor a single viral integration at Evi-2. This result is not,
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FIG. 5. NfI transcripts expressed in BXH-2 leukemic cell lines. Poly(A)™*
RNA from the cell lines was fractionated on a 0.8% agarose-formaldehyde gel
and blotted. (A) The blot was hybridized with a probe (NfI-5") from NfI coding
sequences upstream of the large intron that contains Evi-2. (B) The same blot
was stripped and rehybridized with a probe (NfI-3") from NfI coding sequences
downstream of the large intron that contains Evi-2. (C) Differences in RNA
loading were revealed by hybridization of the same blot with a rat glyceraldehyde
phosphate dehydrogenase probe. The size (in kilobases) and migration positions
of RNA molecular weight markers are indicated at the right.

however, inconsistent with what would be expected for a tumor
suppressor gene, in which both alleles must be mutated for
tumor formation to occur. It is possible that B114 cells harbor
a viral integration in the second NfI allele that maps outside
the Evi-2 locus. This seems unlikely, however, since analysis of
153 BXH-2 tumors with cDNA probes representing most of
the human NF1 coding region identified only one tumor with a
viral integration that mapped outside of the Evi-2 locus (14a).
It is thus likely that the second NfI allele in B114 carries a
mutation that was nonvirally induced.

B106L cells also produce very little, if any, normal NfI tran-
scripts although though they too appear to carry one normal
Evi-2 allele (Fig. 2). As expected, B106E cells, which do not
harbor rearrangements at Evi-2, express wild-type NfI tran-
scripts (Fig. 5). The selection of cells in culture that fail to
express neurofibromin suggests that NfI loss may produce a
selective growth advantage in vitro.

To determine if the truncated NfI transcripts seen in B114
and B117 cells terminate within the viral sequences located at
Evi-2, we hybridized the Northern blot shown in Fig. 5 with
probes specific for MRV and ecotropic viruses. A message of
the same size as the truncated NfI transcript seen in B117 cells
was detected with an MRV probe (data not shown), suggesting
that this message represents a fusion between Nfl and MRV
sequences. As the truncated transcript produced by B114 cells
is the same size as the full-length ecotropic virus transcript, it
was not possible to tell if this message is a fusion between NfI
and ecotropic viral sequences.

Neurofibromin expression in BXH-2 leukemic cell lines. To
determine if truncated NfI transcripts encode stable truncated
protein, we performed Western blot analyses on lysates from
the cell lines, using antisera that were directed against the
amino-terminal third of neurofibromin (18) (Fig. 6). As ex-
pected, cells lines that lacked viral integrations at Evi-2 ex-
pressed neurofibromin. Two of the lines, B106L and B117,
which fail to express full-length Nf7 transcripts, did not express
any detectable neurofibromin, suggesting that these truncated
proteins are unstable (Fig. 6). In contrast, B114 cells express



5100 LARGAESPADA ET AL.

BXH-2 Leukemia Cell Lines NF1 Controls
1

g

&

LN e > A S 490 O

N SIS SR GRS ORI Y Ry S
; “"H-.,: L \

FIG. 6. Neurofibromin expression in BXH-2 leukemic cell lines. Lysates
from 7.5 X 10° BXH-2 leukemic cells (B106E to B140), fetal liver cells of an
embryo that carries two germ line null mutations at the Nfl gene (—/—; see
reference 11), or fetal liver cells of a homozygous wild-type litermate (+/+) were
loaded in the lanes. The lysates were separated on an SDS-0.6% polyacrylamide
gel, blotted, and hybridized with antisera specific for the amino-terminal third of
neurofibromin (18). Cell lines B117 and B106L fail to produce detectable levels
of full-length neurofibromin, which we estimated to be about 250 kDa. Cell line
B114 expresses an immunoreactive protein larger than that seen in any of the
other samples.

multiple antineurofibromin-reactive proteins, both larger and
smaller than wild-type neurofibromin (Fig. 6 and data not
shown). As B114 cells produce only truncated Nf/ mRNA (Fig.
5A), it is likely that these proteins represent alternative trans-
lation products of a mutant NfI/provirus fusion transcript.
These results are consistent with what has been observed in
humans, in whom NFI mutations often lead to NFI mRNA or
protein instability (5, 23, 31).

Ras-GTP levels in BXH-2 leukemic cell lines. To determine
if neurofibromin loss in BXH-2 leukemic cells results in in-
creased Ras-GTP levels, we metabolically labeled cells from
each cell line with **P;, immunoprecipitated Ras proteins with
the pan-Ras monoclonal antibody 13-259 (21), and separated
the bound GDP and GTP on thin-layer chromatography plates
(Fig. 7). As controls, we used NIH 3T3 cells, which have a low
(about 5%) steady-state level of Ras-GTP (19, 30, 31), and
v-ras-transformed NIH 3T3 cells, called 1423 cells (19, 31).
v-ras is insensitive to GAP activity, and cells expressing v-ras at
high levels have Ras-GTP levels approaching 50%, the level
expected for cells lacking GAP activity (10, 19, 30, 42). About
5 to 10% of Ras proteins were bound to GTP in all of the
BXH-2 leukemic cell lines tested (Fig. 7; Table 3). More im-
portantly, in a given assay, there was never a significant differ-
ence between lines that express neurofibromin and those that
do not (Fig. 7; compare B106E with B106L).

DISCUSSION

As part of our effort to determine whether viral integration
at Evi-2 predisposes mice to myeloid disease by disrupting
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FIG. 7. In vivo p21"*-GTP assay of four BXH-2 leukemic cell lines. The
figure depicts a typical result for this assay with 1423 cells, which express v-ras at
high levels, and with NIH 3T3, B106E, B106L, B113, and B117 cells. The BI06E
and B113 lines express neurofibromin, while the B106L and B117 lines do not.
The origin and the migration positions of GTP and GDP on the thin-layer
chromatogram are indicated at the right. The 1423 and NIH 3T3 cells served as
controls for high and low Ras-GTP levels, respectively.
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TABLE 3. Ras-GTP levels in BXH-2 leukemic cell lines

Cell line Neurofibromin® ?a\l;asi:(jég))b
NIH 3T3 + 59+09
1423¢ + 473 =84
B106E + 44 +22
BI06L - 30+ 11
B112 + 39+1.1
B113 + 49+12
Bl14 d o
B117 - 8.9 £4.0
BI19 . i
B132 + ND
B139 + 134+ 15
B140 + ND

“ Western blot detection (+) or lack of detection (—) of neurofibromin.

b Percentage of total cellular p21* protein bound to GTP. Experiments for
B114 and B119 were carried out only once. Experiments for B139 were done
twice, and those for all other cell lines were done three or more times. ND, not
determined.

¢ A v-ras transformant of NIH 3T3 cells used as a positive control for dereg-
ulated Ras-GAP activity.

4 Cell line B114 produces a truncated NfI transcript and several altered neu-
rofibromin forms.

expression of NfI, we have established a number of BXH-2
tumor cell lines, with and without proviral integrations at Evi-2,
and used them to determine whether proviral integration at
Evi-2 disrupts NfI expression. The results of these studies are
consistent with the hypothesis that proviral disruption of NfI
expression is causally associated with myeloid tumor develop-
ment. In three BXH-2 cells lines that harbor Evi-2 rearrange-
ments, only truncated NfI transcripts are produced. Truncated
transcripts appear to result from premature termination of NfI
transcripts within viral sequences located at Evi-2. In addition,
two of the cell lines expressing truncated NfI transcripts pro-
duced no detectable neurofibromin. This result is consistent
with what has been observed for human NFI mutations, which
often lead to mRNA or protein instability (5, 19, 23, 31).

Two other findings reported here also support the notion
that NfI mutations induce myeloid tumor development. First,
one BXH-2 tumor cell line that we established has viral inte-
grations in both Evi-2 alleles (Fig. 2). This pattern of biallelic
integration is rare for common viral integration sites that har-
bor dominantly acting oncogenes but would be expected for a
common viral integration site harboring a tumor suppressor
gene. Second, two of the BXH-2 tumor cell lines with viral
integrations at Evi-2 express only truncated NfI transcripts
despite the fact that both contain a viral integration in only one
Evi-2 allele. These results suggest that the second Evi-2 allele
in each cell line carries a nonvirally induced mutation, perhaps
a small deletion or point mutation, that results in the produc-
tion of an unstable Nfl message. Again, this result would be
expected for a tumor suppressor gene.

Another tumor suppresser gene, p53, has also been shown to
be inactivated by virus integration in Friend murine leukemia
virus-induced erythroleukemias (8, 24). As with NfI, inactiva-
tion of the second p53 allele can occur by a nonviral mecha-
nism or by integration of a second provirus.

The identification of two genes, Evi-24 and Evi-2B, that are
located near Evi-2 led to the speculation that viral integration
at Evi-2 alters expression of one of these genes and that it is
this altered expression, not disruption of NfI, that predisposes
mice to myeloid disease. However, in addition to the results
described above, a number of other findings suggest this is not
the case. For example, one of the BXH-2 cell lines, B117,
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carries viral integrations in both Evi-24 alleles, and no normal
Evi-2A4 transcripts are expressed (data not shown). However,
other BXH-2 cell lines (i.e., B114) harbor viral integrations
located outside Evi-24, and normal levels of Evi-24 transcripts
are expressed (data not shown). Similarly, consistent changes
in Evi-2B expression were not observed in any of the BXH-2
cell lines described here (data not shown). The presence of
viral integrations that appear to be activating in some cell lines
but inactivating in others would seem inconsistent with the
involvement of Evi-24 and Evi-2B in myeloid tumor induction.

If NfI mutations are responsible for myeloid tumor induc-
tion, why are proviruses clustered at Evi-2 when viral integra-
tion at many other sites in the NfI gene could inactivate NfI
expression? While the answer to this question is not known, we
speculate that Evi-2 is a hot spot for viral integration. Perhaps the
chromatin is more open at this site as a result of active transcrip-
tion of Evi-24 and Evi-2B, which are expressed in myeloid cells
(12, 14). Indirect evidence suggests that proviral integration fa-
vors regions within or near actively transcribed genes (54).

ras deregulation seems to be a common event in myeloid
tumor induction (reviewed in reference 53). For example, ras
point mutations have been identified in 30 to 50% of human
acute myeloid leukemia and myelodysplastic syndromes (38,
46). ras point mutations are also found in juvenile chronic
myelogenous leukemia patients without underlying NF1 dis-
ease (32). However, ras point mutations are not detected in
juvenile chronic myelogenous leukemia patients with NF1 syn-
drome, suggesting that NFI gene loss and ras point mutations
are functionally equivalent (32). Likewise, the Ber-Abl fusion
protein, produced by the t(9;22) translocation chromosome in
adult chronic myelogenous leukemia, has been shown to inter-
act with the adapter molecule Grb2, which binds the GDP-
GTP exchanger Sos2 (49). Activated Sos2, in turn, activates
Ras by promoting exchange of GTP for GDP.

The findings presented above suggest that NfI gene loss
might lead to increased Ras-GTP levels in cells. Indeed, in-
creased Ras-GTP levels have been observed in neurofibrosar-
coma cell lines that fail to express neurofibromin (5, 19). Mela-
nomas and neuroblastomas that also fail to express neurofibromin
do not, however, show significantly increased Ras-GTP levels (31,
58). This finding has led to the speculation that NfI may also
function as a downstream effector molecule of ras and that this
function may be cell type specific. It has also been suggested that
NfI may have ras-independent functions. This suggestion is based
on the finding that NfI overexpression inhibits growth of normal
and v-as-transformed NIH 3T3 cells and that v-as is insensitive
to the GAP activity of neurofibromin (30).

As others have reported for melanomas and neuroblastomas
(31, 58), we found no significant differences in the steady-state
Ras-GTP levels between myeloid leukemic cell lines that ex-
press neurofibromin and those that do not. This was true no
matter what conditions were used to grow the cell lines, in-
cluding high or low fetal bovine serum and with or without the
addition of GM-CSF (data not shown). It is possible that in
myeloid cells, neurofibromin does not significantly affect Ras-
GTP levels but competes with Ras effector molecules, such as
Raf, for binding to Ras-GTP. This hypothesis is consistent with
the rather weak Ras-GAP activity of neurofibromin compared
with the activity of p1209A" (40), the high affinity of neurofi-
bromin for Ras-GTP (40), and the fact that neurofibromin and
Raf cannot simultaneously bind to Ras-GTP (63). Alternatively,
neurofibromin may regulate other Ras family members in my-
eloid cells. For example, the neurofibromin GAP-related domain
binds to the R-Ras protein and activates its GTPase activity (51).

It is likely that Nfl mutations alone are not sufficient to
induce acute myeloid disease such as that observed in BXH-2
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mice. For example, deletions of one copy of chromosome 7, or
7q deletions, are frequently seen in myeloid leukemias that
develop in patients with NF1 disease (22, 55). It is generally
assumed that chromosome 7 carries a tumor suppressor gene
that is important for myeloid tumor progression. The concor-
dance of phenotype (i.e., myelomonocytic leukemia) and gene
involvement (i.e., NFI) between the NF1 syndrome-associated
myeloid diseases and BXH-2 cell lines with Evi-2 integrations
is very striking and suggests that the BXH-2 cell lines produced
in these studies should provide useful reagents for identifying
genes that cooperate with NFI to induce acute disease. On
average, each BXH-2 cell line carries three somatic proviruses;
some of these proviruses may be affecting the expression of
genes that cooperate with NfI to induce acute disease. Like
Evi-2, these cooperating genes can be identified by cloning
other somatic proviruses from these cell lines and determining
if they are located in common viral integration sites.
Eighty-five percent of BXH-2 myeloid leukemias do not
harbor viral integrations at Evi-2. It is possible that these cell
lines harbor viral integrations in other cellular genes, the mu-
tation of which can substitute for NfI gene loss. Again, by iden-
tifying common integration sites in these tumors, it may be pos-
sible to identify these genes, which may include other genes in the
ras pathway or other pathways that are functionally equivalent.
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