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Juvenile myelomonocytic leukemia (JMML) is a disease that occurs in young children and is associated with
a high mortality rate. In most patients, JMML has a progressive course leading to death by virtue of infection,
bleeding, or progression to acute myeloid leukemia (AML). As it is known that children with neurofibromatosis
type 1 syndrome have a markedly increased risk of developing JMML, we have previously developed a mouse
model of JMML through reconstitution of lethally irradiated mice with hematopoietic stem cells homozygous
for a loss-of-function mutation in the NfI gene (D. L. Largaespada, C. L. Brannan, N. A. Jenkins, and N. G.
Copeland, Nat. Genet. 12:137-143, 1996). In the course of these experiments, we found that all these genetically
identical reconstituted mice developed a JMML-like disorder, but only a subset went on to develop more acute
disease. This result strongly suggests that additional genetic lesions are responsible for disease progression to
AML. Here, we describe the production of a unique tumor panel, created using the BXH-2 genetic background,
for identification of these additional genetic lesions. Using this tumor panel, we have identified a locus, Epil,
which maps 30 to 40 kb downstream of the Myb gene and appears to be the most common site of somatic viral
integration in BXH-2 mice. Our findings suggest that proviral integrations at Epil cooperate with loss of Nf1

to cause AML.

Juvenile myelomonocytic leukemia (JMML) is a disease
characterized by a young age of onset, a tendency to affect
boys, prominent enlargement of the liver and spleen, leukocy-
tosis, and the absence of the Philadelphia chromosome. JMML
has a poor prognosis, with either progression to acute myeloid
leukemia (AML) or death from bleeding or infection (36). It
has been estimated that at least 10% of children with JMML
also have neurofibromatosis type 1 (NF1) syndrome, an auto-
somal dominant disorder found in 1/3500 individuals (1, 7, 14,
32). However, the actual frequency of children with NF1 and
JMML is likely higher than 10% as the peak incidence of
childhood leukemia occurs at an age when NF1 often goes
undiagnosed (13, 34). In fact, one study found that 15% of
JMML patients had mutations in the NFI gene even though
there was no previous clinical diagnosis of NF1 (33), suggesting
that approximately 25% of JMML cases are associated with
NF1.

While RAS gene point mutations are commonly found in
JMML patients without NF1, they are not found in JMML
patients with NF1 (20), providing genetic evidence that NFI
and RAS are involved in the same pathway. This idea is sup-
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ported by the fact that neurofibromin, the protein product of
NF1, contains a region that has extensive homology with the
catalytic domain of GTPase activating proteins that are known
to accelerate the intrinsic GTPase activity of Ras, thereby
negatively regulating Ras GTP levels (15). This suggests that
inactivating mutations in NF1 are equivalent to activating mu-
tations in RAS. Consistent with the hypothesis, analysis of bone
marrow taken from children with NF1 and JMML revealed
that close to half of the samples had somatic loss of heterozy-
gosity (LOH) for markers within and near the NFI locus (31).
In these LOH samples, it was determined that the somatic
deletion removed the remaining normal NF1 allele. Together,
these results indicated that homozygous NF1 loss predisposes
myeloid cells to leukemic transformation in children by acti-
vation of the Ras pathway.

To examine the direct consequence of loss of NFI in the
hematopoietic lineage, we previously developed a mouse
model for NF1-associated JMML (22). This model relied on
reconstitution of lethally irradiated mice with hematopoietic
stem cells homozygous for a mutant NfI allele, NfI*’, in which
an insertion mutation in exon 31 results in the formation of a
null allele (4). While we found that all the mice transplanted
with homozygous mutant cells developed a myeloproliferative
syndrome similar to JMML, only a subset of these genetically
identical reconstituted mice went on to develop more acute
disease. These results suggested that additional somatic ge-
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netic mutations are required for disease progression in mice
and humans.

To identify somatic mutations that cooperate with the loss of
NfI to cause progression to acute leukemia, we have crossed
the NfI"™" allele onto the BXH-2 mouse genetic background.
BXH-2 mice express an ecotropic murine leukemia virus
(MuLV) passed from mother to offspring by infection in utero
(3). By 1 year of age, nearly 100% of these viremic BXH-2 mice
develop an AML that is very similar to AML in humans (28).
Previous analysis of BXH-2 tumors has shown that they are
nearly all monoclonal in origin and contain one or more so-
matically acquired MuLV integrations (2). Several investiga-
tors have used the BXH-2 system to identify genes that are
causally associated with the development of murine myeloid
disease by cloning chromosomal sites from tumor DNA into
which the MuLV has integrated (6, 16, 23, 25, 26). In many of
these cases, specific regions were found to harbor proviral
insertions in multiple tumors, each derived from independent
mice. Therefore, the identification of a common site of viral
integration has served as a good indicator that the region
harbors a gene that, when mutated by proviral insertion, con-
tributes to the development of myeloid leukemia. While most
of the common sites of viral integration identified in BXH-2
mice are thought to activate the expression of dominant proto-
oncogenes (16, 23, 25, 26), one notable exception has been the
identification of a common site of viral integration which in-
activates the tumor suppressor gene, NfI. This common site of
viral integration, named Evi2 (ectotropic viral integration 2),
was identified in 10 to 15% of BXH-2 tumors and found to be
within a large intron of the NfI gene (6, 8). Using BXH-2
tumors in which biallelic Evi2 integrations had occurred, it was
shown that the presence of the virus resulted in premature
truncation of the NfI transcript, such that no full-length prod-
uct could be produced (6, 21).

Because loss of NfI expression has been shown to be a
mechanism of myeloid tumorigenesis in BXH-2 mice, we have
exploited this system as a means to identify cooperating events
in the progression of JMML. Our strategy has been to back-
cross C57BL/6J mice containing the NfI"“" mutation onto the
BXH-2 genetic background for three generations, then age the
resulting Nf17" heterozygous N3 mice until they develop acute
leukemia, and subsequently collect tumors from each animal.
In this manner, we have established a panel of tumors derived
from 66 independent N3 BXH-2 NfI¥”* animals. By cloning
sites of viral integration from individual tumors in the panel,
we have identified a major common site of viral integration,
Epil, occurring in 44% of tumors in the panel. Interestingly, we
also found that Epil is affected at nearly the same frequency in
BXH-2 tumors without an NfI mutation. This indicates Epil
represents the most common site of somatic viral integration
identified to date in BXH-2 mice.

MATERIALS AND METHODS

Mice and harvesting of tumor tissue. All animal studies were performed
according to federal guidelines and University of Florida institutional policies.
Mice were aged up to 8 months. When a mouse became moribund it was
sacrificed and a necropsy was performed. The necropsy included the following: a
physical characterization of the mouse; determination of lymph nodes, spleen,
and liver relative size; and liver, spleen, bone marrow, and lymph node fixation
in 10% neutral buffered formalin with subsequent embedding in paraffin, sec-
tioning, and staining with hematoxylin and eosin (H&E). Tissue was also frozen
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in liquid nitrogen to make RNA or DNA. Finally, four lymph nodes were
perfused with media, and half of the resulting cells were used to make DNA and
half were used to make frozen aliquots of viable cells.

DNA and RNA preparation. DNA was made from brain and lymph node to use
for molecular characterization of the tumors. Tissue (0.4 g) was lysed in homog-
enizing solution (1X SSC [1X SSC is 150 mM sodium chloride, 15 mM sodium
citrate, 0.02 mM citric acid], 1% sodium dodecyl sulfate [SDS], and pronase E
[0.25 mg/ml; Sigma]). Samples were vortexed well to mix, and were incubated at
37°C for 1 h and vortexed every 15 min during the incubation. The samples were
then extracted once each with phenol (U.S. Biochemical) and phenol-chloro-
form-isoamyl alcohol (50:49:1; Fisher Scientific). The DNA was precipitated and
resuspended in 9 ml of 1X SSC. To this, 0.5 ml of RNase A (2 mg/ml; Sigma) was
added and incubated at 37°C for 30 min; this was followed by the addition of
0.5 ml of pronase E (5 mg/ml), and the mixture was then incubated at 37°C for
30 min. The DNA was then extracted again as above and precipitated in ethanol.
RNA was made according to the protocol provided with RNAzol B (Tel-Test,
Inc.).

Southern and Northern blots. Five micrograms of genomic DNA was digested
with the appropriate restriction enzyme in a total volume of 40 pl at 37°C (or
appropriate temperature) for at least 4 h. After 4 h 20 more units of enzyme was
added and incubated for 2 more hours at 37°C. The digests were electrophoresed
on a 0.8% agarose TPE gel (90 mM Tris-HCI, 26 mM phosphoric acid, 2 mM
EDTA). The gel was then soaked in denaturing solution (1.48 M sodium chlo-
ride, 0.5 M sodium hydroxide) for 45 min with gentle shaking. The gel was then
transferred to neutralizing solution (1 M Tris-HCI, 3 M sodium chloride, 0.2 M
hydrochloric acid) and soaked for 1.5 h with gentle shaking. The gel was then
blotted onto Hybond (Amersham) membrane in 10X SSC overnight. The mem-
brane was then baked for 2 h at 80°C.

Ten micrograms of total RNA was run on the gel for Northern blots. The 1%
agarose gel was made in 1X MOPS [20 mM 3-(N-morpholino)propanesulfonic
acid, 5 mM sodium acetate, 1 mM EDTA] and 18% formaldehyde. The RNA
samples were mixed with 16 wl of sample buffer (300 pl of formamide, 105 wl of
formaldehyde, 60 pl of 10X MOPS, 60 pl of 10% bromophenol blue, and 3 pl of
ethidium bromide [10 mg/ml]) and incubated at 65°C for 5 min and then put on
ice until loaded. After electrophoresis, the RNA was then transferred to Hybond
membrane by blotting overnight in 10X SSC. The membrane was then baked for
2 h at 80°C.

The [a->?P]dCTP-labeled, random-primed probes were made using a random
priming kit (Stratagene). The nick-translated probes were labeled using a nick
translation kit (Amersham). The NfI probe for detecting LOH was hybridized as
previously described (4). All other probes were hybridized according to the
Church and Gilbert method (9). The membranes were hybridized for 2 h at 65°C,
and then 5 ml of fresh hybridization buffer was added. The denatured probes
were added, and the membranes were hybridized overnight at 65°C. The next day
the membranes were washed at 65°C in 0.2X SSCP and 0.1% SDS (9). The
membranes were then subjected to autoradiography.

Cloning flanking DNA. BamHI-restricted tumor DNA was size fractionated on
a sucrose gradient. Then, the fraction with the viral integration was identified and
a phage library was made using that fraction. The library was screened to isolate
the viral-cellular DNA junction fragment. Specifically, the sucrose gradient was
prepared by placing 11.5 ml of 25% sucrose in STE buffer (10 mM Tris, 6 mM
EDTA, 10 mM NaCl) in polyallomer tubes (Beckman) and freeze-thawing the
solution twice. Fifty micrograms of tumor DNA was digested with BamHI in a
volume of 300 pl for about 2 h, and then more enzyme was added and the DNA
was digested for another 2 h. The DNA was then extracted twice by the phenol-
phenol-chloroform-isoamyl alcohol method and ethanol precipitated. The DNA
was washed with 70% ethanol, dried, and then was resuspended in 110 pl of STE
buffer. The DNA was layered on the sucrose gradient and spun at 30,000 rpm at
20°C overnight using an SW41Ti rotor (Beckman). Fractions (0.5 ml) were
collected from the gradient, and 60 pl was saved to run on a gel as a control.
Ethanol (100%) was added to the rest of the fraction and stored at —20°C. The
60-pl aliquots from the fractions were run on a 0.8% TPE gel along with the
unfractionated DNA. The gel was blotted and probed with pAKVS5 (17) to
determine which fraction had the viral integration. BamHI restricted genomic
DNA from the positive fraction was then ligated into the Lambda DASH II
vector (Stratagene), and the resulting Gigapack IIT Gold packaged (Stratagene)
phage library was screened according to the manufacturer’s instructions using the
PAKVS5 (17) viral probe. Once plaque-pure phage was obtained, phage DNA was
prepared and the insert was subcloned into pBluescript KS(+) (Stratagene).

Interspecific backcross mapping. Interspecific backcross progeny were gener-
ated by mating (C57BL/6J X Mus spretus)F, females and C57BL/6J males as
described (11). A total of 205 N, mice were used to map the Epil locus (see text
for details). DNA isolation, restriction enzyme digestion, agarose gel electro-
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phoresis, Southern blot transfer and hybridization were performed essentially as
described previously (17a). All blots were prepared with Hybond-N* nylon
membrane (Amersham). The probe, a 1.3-kb BamHI/PstI fragment of mouse
genomic DNA, was labeled with [a-*?P]dCTP using a random-primed labeling
kit (Stratagene); washing was done to a final stringency of 1.0X SSCP and 0.1%
SDS at 65°C. A fragment of 10.5 kb was detected in BamHI-digested C57BL/6J
DNA, and a fragment of 7.8 kb was detected in BamHI-digested M. spretus DNA.
The presence or absence of the 7.8-kb BamHI M. spretus-specific fragment was
monitored in backcross mice. A description of the probes and restriction frag-
ment length polymorphisms for the loci linked to Epil, including Estra, Myb, and
Tcf21, has been reported previously (29). Recombination distances were calcu-
lated using Map Manager, version 2.6.5. Gene order was determined by mini-
mizing the number of recombination events required to explain the allele dis-
tribution patterns.

Immunophenotyping of leukemias. Cryopreserved leukemic cells harvested
from enlarged lymph nodes were thawed and washed twice in phosphate-buff-
ered saline with 2% heat-inactivated fetal bovine serum (wash buffer). Single cell
suspensions were incubated with antibodies directly conjugated to fluorochromes
for 20 to 30 min on ice, washed, and resuspended in wash buffer. Analysis was
carried out using a FACScan flow cytometer. A total of 10,000 events were
collected on each sample, and results were analyzed using Cell Quest Software
(Becton Dickinson). All antibody combinations included anti-CD45-TRI-
COLOR. Other antibodies used in combination were anti-Ly-6G(Gr-1)-fluores-
cein isothiocyanate (FITC) and anti-CD11b(Mac-1)-phycoerythrin (PE), anti-
CDS59-FITC and anti-CD31-PE, anti-CD34-FITC and anti-CD117(c-kit)-PE,
anti-CD45R(B220)-FITC and anti-CD19-PE, anti-CD90.2(Thy1.2)-FITC and
anti-CD3-PE, anti-CD41-FITC and anti-CD61-PE, and anti-CD86-FITC and
anti-Ly-71(F4/80)-PE. The dominant leukemic cell population was gated using
forward scatter, side scatter, and CD45. Expression of antigens on the leukemic
cells was assessed relative to isotype controls. Cytospins were also prepared from
thawed cells and stained with Wright’s Giemsa stain prior to morphological ex-
amination. Maturation of cells was assessed by the method of Brecher et al. (5).

RESULTS

Development and characterization of the tumor panel. We
placed the Nf1*" mutation on the BXH-2 genetic background
by backcrossing for three generations. All N3 mice tested were
found to be viremic (data not shown). We aged NfI*" het-
erozygous N3 mice until they became moribund due to the
development of AML and then collected tumor material from
each animal. In an initial pilot study, in which we aged both
Nf17" heterozygous N3 mice and their wild-type control litter-
mates, we found that the NfI¥™" heterozygous mice developed
AML at a significantly higher rate than controls: 50% of het-
erozygous mice required sacrifice at 5.5 months versus 8.5
months for controls (P = 0.003 using the rank sum test). This
indicated that BXH-2 mice containing one mutant Nf7”" allele
exhibited a decreased latency for myeloid disease. Based on
these data, we initiated a larger aging study using only het-
erozygous mice and accumulated a panel of tumors isolated
from a total of 66 independent heterozygous NfI" N3 mice.
Using Southern blot analysis, we determined that 89% of the
tumors in the panel have sustained a second genetic hit to the
NfI locus, either by LOH or by Evi2 integration. Furthermore,
we found that all the tumors from heterozygous NfI*“" N3 mice
had at least one somatically acquired viral integration. Even
tumors which sustained a viral integration at Evi2 contained at
least one additional somatic viral integration. This indicates
that loss of NfI on the BXH-2 background alone is not suffi-
cient to induce acute myeloid disease, but the additional so-
matic mutations are necessary for tumor progression to AML.

Identification of a common site of viral integration, Epil. To
identify potential cooperating genes for myeloid tumor pro-
gression, we cloned genomic DNA flanking sites of somatic
viral integration from individual tumors in the panel. Using the
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ecotropic retroviral probe pAKV5 (17), we isolated a unique
BamHI restriction fragment from tumor DNA isolated from
animal 355. After isolation of a nonrepetitive probe from the
cloned fragment, dubbed probe E, we screened the entire
panel of tumors for rearrangements by Southern blot. Not only
were we able to confirm a rearrangement in the original tumor
(data not shown), but we also detected rearrangements in
many additional tumor DNA samples (Fig. 1A). This indicated
that we had identified a common site of viral integration, which
we designated Epil for ecotropic proviral integration site 1.

The mouse chromosomal location of Epil was determined
by interspecific backcross analysis using progeny derived from
matings of [(C57BL/6J X M. spretus)F, X C57BL/6J] mice.
This interspecific backcross mapping panel has been typed for
over 3,000 loci that are well distributed among all the auto-
somes as well as the X chromosome (11). C57BL/6J and M.
spretus DNAs were digested with several enzymes and analyzed
by Southern blot hybridization to obtain informative restriction
fragment length polymorphisms using a mouse Epil genomic
DNA probe. The 7.8-kb BamHI M. spretus restriction fragment
length polymorphism (see Materials and Methods) was used to
follow the segregation of the Epil locus in backcross mice. The
mapping results indicated that Epil is located in the proximal
region of mouse chromosome 10 linked to Estra, Myb, and
Tcf21. Although 128 mice were analyzed for every marker and
are shown in the segregation analysis (Fig. 2), up to 181 mice
were typed for some pairs of markers. Each locus was analyzed
in pairwise combinations for recombination frequencies using
the additional data. The total number of mice exhibiting re-
combinant chromosomes and the total number of mice ana-
lyzed for each pair of loci are as follows (listed in the most
likely gene order): centromere-Estra, 9 of 181; Myb, 0 of 161;
Epil, 1 of 142; Tcf21. The recombination frequencies (ex-
pressed as genetic distances * standard error [in centimor-
gans]) are as follows: Estra, 5.0 = 1.6; Myb and Epil, 0.7 = 0.7;
Tcf21. No recombinants were detected between Myb and Epil
in 161 animals typed in common, suggesting that the two loci
are within 1.9 cM of each other (upper 95% confidence limit).

Epil maps 3’ of the Myb locus. Based on the lack of genetic
recombination observed between Epil and Myb, we sought to
determine if these two loci were physically linked. We isolated
a bacterial artificial chromosome clone (529J1 BAC; Research
Genetics) using the original Epil probe (Fig. 1B, probe E) and
determined that the Myb gene was also contained on this same
BAC clone. We used this BAC clone to generate a restriction
map of the Epil region and to isolate additional probes (Fig.
1B, probes A, B, D, and F). Using these new probes, as well as
the previously isolated Ahil probe (18) (referred to here as
probe C), we determined that a total of 29 tumors, or 44% of
the panel, contained a somatic Epil rearrangement (Table 1).
While no rearrangements were detected with probe A, the
majority of rearrangements were detected by probes B and C
(indicating an insertion into the 11-kb BamHI fragment) or by
probes D and E (indicating an insertion into the 13.5-kb
BamHI fragment). Rearrangements were detected with probe
F in four tumors. These data indicate that most of the viral
insertions have occurred 30 to 40 kb downstream of the last
exon of Myb.

Based on the location of these somatic insertions, it seemed
possible that the integrated proviruses affect Myb. However, all
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FIG. 1. The Epil locus. (A) Southern blot analysis showing rearrangements of the Epil locus in two independent tumors. Normal DNA (N)
and tumor DNAs were digested with Bg/II and hybridized with probe C from the Epil locus. (B) Map of the Epil region relative to the Myb gene.
The large line represents the region 3" of the Myb gene. The small hash marks represent BamHI sites in the region, the large box is exon 15 of
the Myb gene, the large arrow shows the direction of transcription of Myb, and the small boxes above the line are the probes isolated from the

region. Probe C is the Ahil probe (18). (C) Location and orientation of 13 proviruses integrated in Epil relative to the Myb gene. The small arrows
above the line show the location and orientation of the viral integrations in the Epil locus.

previously reported viral insertions proven to affect Myb occur
within the Myb gene. For example, viral integration in the 5’
end has been shown to result in overexpression of a virally
promoted chimeric mRNA that lacks the three 5'-most Myb

coding exons (36). In addition, integrations in the 3’ end of
Myb have been shown to result in the production of a Myb
protein that is stabilized due to truncation of the carboxy
terminus (36). Therefore, we rescreened our panel using a
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FIG. 2. Epil maps in the proximal region of mouse chromosome
10. Epil was placed on mouse chromosome 10 by interspecific back-
cross analysis. The segregation patterns of Epi/ and flanking genes in
128 backcross animals that were typed for all loci are shown at the top
of the figure. For individual pairs of loci, more than 128 animals were
typed (see text). Each column represents the chromosome identified
in the backcross progeny that was inherited from the (C57BL/6] X
M. spretus)F, parent. The black boxes represent the presence of a
C57BL/6] allele, and white boxes represent the presence of a M. spre-
tus allele. The number of offspring inheriting each type of chromosome
is listed at the bottom of each column. A partial chromosome 10
linkage map showing the location of Epil in relation to linked genes is
shown at the bottom of the figure. Recombination distances between
loci in centimorgans are shown to the left of the chromosome, and the
positions of loci in human chromosomes, where known, are shown to
the right. References for the human map positions of loci cited in this
study can be obtained from the Genome Data Base, a computerized
database of human linkage information maintained by The William H.
Welch Medical Library of The Johns Hopkins University (Baltimore,
Md.).

series of Myb probes, but we found only two tumors that con-
tained insertions within the Myb gene.

To ascertain if viral integrations at Epil affect Myb, we de-
termined the orientation of the integrated provirus in 13 of the
tumors in which we were able to confirm the presence of a
full-length virus. We found that in all 13 cases, the virus had
integrated in the same transcriptional orientation as Myb (Fig.
1C). These data are consistent with a mechanism of viral en-
hancement in which the viral enhancer located in the 5’ long
terminal repeat serves to activate transcription of an upstream
gene (19). With this in mind, we assayed the level of Myb
expression in the tumors by Northern blotting of total RNA
isolated from several tumors with and without a viral integra-
tion at Epil. We found that Myb was expressed in tumors
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TABLE 1. Tumors derived from N3 BXH-2 NfI"’* mice with
Epil insertions”

No. of Epil probe(s
Tllllrgor Sg{{ls somatic detgctirpl)g Bar(nl)—II
. proviruses rearrangement

10 Evi2 3 D, E
11 NfIF/+ 1 D, E
13 LOH 3 D, E
14 Evi2 2 B, C
33 LOH 3 B, C
35 LOH 5 D, E
46 Evi2 2 F

56 LOH 2 D, E
84 LOH 2 B, C
103 LOH 2 D, E
355 LOH 1 D, E
356 Evi2 3 D, E
358 LOH 2 F
368 LOH 5 D, E
371 LOH 1 D, E
419 LOH 2 D, E
468 LOH 2 B, C
522 LOH 5 D, E
570 LOH 2 D, E
603 NfIF/+ 1 D, E
639 Evi2 2 F
647 LOH 2 F
660 Evi2 3 D, E
662 LOH 3 B, C
665 Evi2 3 B, C
671 LOH 2 B, C
675 Nf1Fer/+ 2 D,E
725 Evi2 1 D, E
1858 Evi2 1 F

5

“ “Tumor no.” refers to the pedigee number of the animal from which the
tumor was derived. “NfI status” refers to the status of the Nf7 allele in the tumor;
all the mice began as heterozygous for the NfI mutation (NfI"’™), but many of
the tumors lost the remaining wild-type allele (LOH) or suffered a proviral
integration in the NfI gene (Evi2). “No. of somatic proviruses” refers to the
number of somatically acquired proviral integrations detected in the tumor
DNA. “Epil probe(s) detecting BamHI rearrangement” indicates the probe(s)
from Fig. 1 which detects the somatic rearrangement in the Epil locus in the
particular tumor.

whether or not the tumors harbored Epil integrations. Of note,
expression levels were not increased in tumors containing an
Epil insertion relative to expression levels in tumors lacking
such a viral insertion (Fig. 3). However, tumors lacking Epi/
insertions may have upregulated Myb by another mechanism.
In any case, these data show that the Myb gene is indeed
expressed in the Epil tumors, but that a viral insertion at Epil
does not appear to result in marked overexpression of Myb.
Phenotype of Epil tumors. We performed histological anal-
ysis of H&E stained tissue sections from a subset of the ani-
mals listed in Table 1 (tumors 355, 419, 468, 660, and 671). This
analysis revealed that while there was a modest variation in the
morphology of the leukemic cells, the overall pattern was sim-
ilar. Common features included the presence of leukemic cells
at the young-intermediate stages of myeloid differentiation
accompanied by numerous pseudo-Gaucher cells (indicative of
high cell turnover); lymph nodes that were effaced by the
leukemia; spleens that exhibited modest areas of residual white
pulp but massive expansion of the red pulp predominantly by
leukemic cells, but with some admixed megakaryocytes and
erythroid precursors; livers that showed leukemic infiltrates
with marked accumulations in the periportal areas and with
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FIG. 3. Northern blot analysis of Myb expression in Epi/ and non-Epil tumors. RNA derived from four tumors containing somatic viral
insertion at Epil (+) and four tumors without this viral insertion (—) were analyzed by Northern blotting. The top panel shows the hybridization
with a Myb cDNA probe, and the bottom panel shows the same blot stripped and rehybridized with a control probe for Gapd.

infiltration into the parenchyma and/or sinusoids; and bone
marrows filled with leukemic cells (accompanied by pseudo-
Gaucher histiocytes) (Fig. 4A to C).

Finally, analysis on viable isolates of these same five tumors
(tumors 355, 419, 468, 660, and 671; Table 1) revealed that
all five were relatively uniform: almost entirely young forms
(blasts) by morphology (Fig. 4D) that express an immuno-
phenotype consistent with granulocyte/monocyte precur-
sors [Ly-6G(Gr-1)+, CD11b(Mac-1)variable, CD31*, CD59™,
CD117(c-kit)variable, CD34lo, Ly-71(F4/80)lo] (Fig. 5). That
the tumor cells had only a weak CD45R (B220) signal and were
clearly CD19 negative strongly suggests that the cells are not

5. N by "

FIG. 4. Leukemia morphology. (A) Bone marrow histology show-
ing immature cells and numerous pseudo-Gaucher histiocytes. Magni-
fication, X250. (B) Spleen histology showing expanded red pulp with
leukemic cells accompanied by large megakaryocytes and few small
dark-staining erythroid precursors. Residual white pulp is visible at
lower right. Magnification, X100. (C) Liver histology showing massive
infiltration of leukemic cells. Magnification, X100. H&E stain was
used for panels A to C. (D) Cytology (Wright’s Giemsa stain) of
leukemic cells prepared from lymph node. Magnification, X500.

B-lymphoid cells. In addition, the T-cell markers CD90.2 and
CD3 were either negative or weak, indicating the cells are not
T lymphocytes. These tumors as well as several others were
confirmed to be of myeloid origin as they were found to ex-
press the myeloid cell markers c-fins and myeloperoxidase by
Northern blot analysis. In further support of this origin, we
detected no rearrangements of the T-cell receptor genes or the
immunoglobulin heavy chain gene. These data indicate that
the mice had developed myeloid leukemias and show that the
five tumors examined in detail were relatively homogeneous in
character. These five leukemias all contained Epil insertions
and lacked NfI. Their common characteristics likely reflect
their common genetic pathogenesis: it contrasts with the phe-
notypic heterogeneity we have observed in unselected, genet-
ically heterogeneous, BXH-2 leukemias (S. Kogan, unpub-
lished observations).

Analysis of wild-type BXH-2 tumors. Finally, to determine if
viral integrations at Epil were restricted to tumors containing
mutations at the NfI locus, we analyzed a set of BXH-2 tumors
that were wild-type at the NfI locus, as well as a set of tumors
that has suffered one somatic viral integration within NfI
(Evi2). We found that in both groups of 23 tumors, 10 tumors
(43%) exhibited a viral integration in Epil. Interestingly, how-
ever, we found that the distribution of proviral insertions in
Epil was different between the two groups. Proviral insertions
occurred in a discrete region in the tumors with wild-type Nf1,
with rearrangements being detected only by probes D and E
(Fig. 1B). In contrast, tumors harboring an Evi2 insertion
showed a much broader region of proviral insertions in Epil,
with rearrangements being detected by probes B and C, D and
E, or F. This difference in distribution of proviral insertions
between the two genotypic groups may reflect the differentia-
tion state of the cell at the time of viral infection. For example,
myeloid cells with only one intact copy of NfI may display a
more open chromatin conformation at Epil and hence present
a wider target area for viral integration than cells with both
copies intact. Regardless of the slight difference in the specific
region of integration, these data demonstrate that Epil repre-
sents a major site of viral integration in approximately 43% of
all BXH-2 myeloid tumors.
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FIG. 5. Flow cytometric analysis of a representative leukemia. Data in panel CD45/SSC are ungated; for those in the remaining panels, the gate

was set at R1.

DISCUSSION

We have previously shown that loss of NfI in the hemato-
poietic lineage causes a myeloproliferative syndrome similar to
JMML (22). However, we found that only a subset of all of
these reconstituted mice went on to develop more acute dis-
ease, suggesting that additional somatic genetic mutations are
required for disease progression in mice and humans. To iden-
tify candidate genes that may cooperate with the loss of the NfI
gene in progression of myeloid leukemia, we have established
a panel of tumors derived from 66 independent N3 BXH-2
NfIF<”* animals. We have determined that 89% of the tumors
in the panel have sustained a second genetic hit to the NfI
locus, either by LOH or by viral integration within the NfI
locus (Evi2), demonstrating that the vast majority of the tu-
mors developed in a pathway involving NfI gene loss. There-
fore, through the introduction of one mutant NfI allele, we
have obtained a sixfold higher frequency of NfI-dependent
myeloid leukemia compared to the parental BXH-2 strain.

Analysis of the panel revealed that these tumors harbored a
mean of three somatically acquired viral insertions. By cloning
these sites of viral integration from individual tumors in the
panel, we were able to identify a common site of viral integra-
tion, Epil, occurring in 44% of tumors in the panel. The Epil
locus was found to map 30 to 40 kb downstream of the last
exon of the Myb gene. Interestingly, this site has previously
been implicated in B-cell lymphoma: Jiang et al. reported that
infection of newborn mice with a combination of Abelson
MuLV (contains the v-abl oncogene) and Moloney MuLV (the
insertional mutagen) resulted in B-cell lymphoma (18). They
determined that 16% of these tumors had Moloney MuLV
insertions at the Ahil locus, located approximately 30 kb 3" of
the last exon of Myb. Again, similar to our findings, they de-
termined that these viral integrations did not result in overex-
pression of Myb. Based on this result, Jiang et al. concluded
that the viral insertions activated an as-yet-unidentified gene.
However, one alternate interpretation of these data is that
these downstream viral integrations do affect Myb expression,
but not by upregulating transcription. Instead, the virus may

simply prevent the downregulation of Myb that normally occurs
during myeloid differentiation. In fact, it is well known that
either constitutive expression of full-length Myb or truncated
Myb can block differentiation of leukemic cell lines (10, 12, 24,
30, 35, 37). Furthermore, downregulation of Myb is known to
be essential for terminal differentiation of the myeloid and
B-cell lineages (27). Therefore, it is possible that constitutive
expression of Myb in combination with v-abl induces B-cell
lymphoma, whereas constitutive expression of Myb in combi-
nation with the loss of NfI function leads to AML. Alterna-
tively, it is possible that viral integration into this locus affects
a gene other than Myb. In fact, it is possible that viral integra-
tion in B-cells affects one gene (the Ahil gene), but viral
insertion in myeloid cells affects a different gene (the Epil
gene). In any case, whether viral insertions in Epil affect Myb
or another gene, we have provided very good evidence that
Epil does play an important role in BXH-2 myeloid leukemia.
The finding that approximately 43% of BXH-2 tumors harbor
viral insertion in Epil indicates that Epil may represent the
most common site of viral integration in BXH-2.

Because proviral integrations in Epil are so common in
BXH-2 tumors, one might be tempted to conclude that this
event alone is sufficient to cause AML. However, data obtained
from our N3 BXH-2 NfI™* tumors suggest that additional
cooperating mutations are required for progression to AML:
27 out of 29 of these tumors have another obvious somatic
mutation in addition to a proviral insertion in Epil. Further-
more, we can conclude that at least in these tumors, the co-
operating mutation is the loss of the NfI gene since 26 out of
these 29 tumors (90%) with viral integrations at Epil also
exhibit loss of NfI function. But loss of NfI is clearly not the
only possible cooperating mutation since NfI is mutated in
only 10 to 15% of BXH-2 tumors. Therefore, other genes must
be able to serve as a cooperating gene for Epil-associated
AML. Since NfI is known to affect the Ras pathway, it is
tempting to speculate that these other genes might be involved
in this same pathway.

Finally, it is unclear whether the loss of NfI plus a proviral
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insertion at Epi! is sufficient to cause AML. Among our panel
of tumors, five appear to have the Epil integration as the only
other somatic mutation (Table 1, tumors 14, 46, 355, 371, and
639), suggesting that loss of NfI plus insertion at Epil is acutely
leukemogenic. However, it is possible that these five tumors
harbor other somatic mutations that we are unable to detect.
Further studies of BXH-2 and NfI murine models of myeloid
neoplasms should allow the combinations of events sufficient
for leukemogenesis to be definitively assessed.
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