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ABSTRACT The til-1 locus was identified as a common
retroviral integration site in virus-accelerated lymphomas of
CD2-myc transgenic mice. We now show that viral insertions
at til-1 lead to transcriptional activation of PEBP2aA
(CBFA1), a transcription factor related to the Drosophila
segmentation gene product, Runt. Insertions are upstream
and in the opposite orientation to the gene and appear to
activate a variant promoter that is normally silent in T cells.
Activity of this promoter was detected in rodent osteogenic
sarcoma cells and primary osteoblasts, implicating bone as
the normal site of promoter activity. The isoforms encoded by
the activated gene all encompass the conserved runt DNA-
binding domain and share a novel N terminus different from
the previously reported PEBP2aA products. Minor products
include isoforms with internal deletions due to exon skipping
and a novel C-terminal domain unrelated to known runt
domain factors. The major isoform expressed from the acti-
vated til-1 locus (G1) was found to account for virtually all of
the core binding factor activity in nuclear extracts from its
corresponding lymphoma cell line. Another member of this
gene family, AML1(CBFA2), is well known for its involvement
in human hemopoietic tumors. These results provide evidence
of a direct oncogenic role for PEBP2aA and indicate that the
Myc and Runt family genes can cooperate in oncogenesis.

The use of retroviral gene tagging in oncogene transgenic mice
has provided a powerful methodology to resolve the complex
genetics of cancer (1). Although the number of genes identified
in this way continues to grow, the known retroviral insertion
loci in the most thoroughly studied system (murine lymphoma)
fall into one of three complementation groups that appear to
comprise either genetically linked loci or functionally redun-
dant genes. The first group is represented by the Myc family
(c-myc, N-myc, L-myc), a second by the Pim family (pim-1,
pim-2), and a third large group is defined by the bmi-1ybla-1
and eis-1ygfi-1yevi-5ypal-1 insertion clusters where the bmi-1
and gfi-1 genes appear to be the critical targets for viral
activation (2, 3).

Although these three gene groups are involved in a remark-
ably high percentage of tumors of Em-myc and Em-pim-1 mice
(4–6), there is emerging evidence that Myc is promiscuous
with respect to its oncogenic collaborators and that a different
pattern of complementing genes can be revealed by altering
transcriptional control of the transgene. For example, in
virus-accelerated T cell tumors of mouse mammary tumor
virus long terminal repeat (MMTVd-LTR)-myc transgenic
mice, the preferred target was recently characterized as the
murine homologue of Notch1, a gene known for its involve-
ment in translocations in human T cell leukemias (7). In

Moloney murine leukemia virus-infected CD2-myc mice,
which develop exclusively T cell tumors, we found very few
insertions at the known myc collaborating genes, but a high
frequency (33%) at a novel locus, til-1, on mouse chromosome
17 (8, 9).

We have now identified a gene affected by these insertions
as PEBP2aA (CBFA1), one of a three-member family of
mammalian transcription factors related to the Drosophila
segmentation gene product Runt. The three CBFa chains bind
their target sites in DNA directly, but affinity is increased
significantly by interaction with a common b-chain (CBFb)
(10). Although a close relative of PEBP2aA, AML1 (CBFA2)
is known to be involved widely in chromosomal translocations
in myeloid leukemia and other hemopoietic malignancies
(reviewed in refs. 11 and 12). These results provide direct
evidence for oncogenic involvement of PEBP2aA and indicate
that the Myc and runt domain gene families can cooperate in
oncogenesis. Moreover, the overexpression of PEBP2aA in
CD2-myc lymphoma cells reveals isoforms with alternative N-
and C-terminal domains that may have distinct physiological
roles.

METHODS

Cells. The lymphoma cell lines T1i, T22i, T27i, and T47i
were established from thymic lymphomas induced following
Moloney murine leukemia virus infection of CD2-myc mice.
These mice were heterozygous for an inactivated p53 allele
(13). The Tn94 lymphoma cell line was established from a
spontaneous thymic lymphoma in a p532y2 mouse (14). The
EL4 and BW5147 cell lines were obtained from the European
Collection of Animal Cell Cultures (Salisbury, U.K.). Other
lines used were NIHy3T3 and its derivatives C2 (15) and E86
(16), and the rat osteogenic sarcoma cell lines ROS and
UMR-106 (ATCC CRL-1661). ROS cells and rat primary
long-bone osteoblasts were kindly provided by L. Lanyon and
R. Suswillo (University of London).

RNA Extraction and Blot Hybridization. Total RNA was
extracted from tumor cell lines using RNAzolB (Biogenesis,
Bournemouth, U.K.). Poly(A)1 RNA was purified using the
polyATract mRNA isolation system (Promega). RNAs were
separated on 1% agarose gels containing 2.2 M formaldehyde
and transferred to Hybond N membrane (Amersham) in 203
SSC. Blots were hybridized and washed as previously described
(17) and exposed to x-ray film. Probes used were til-1E, a
877-bp PstI-EcoRI fragment from the til-1 locus as shown in
Figs. 1a and 2a; PEBP2aA 39UT, a 1.9-kb NcoI-HindIII
fragment spanning the 39 untranslated sequences of the G1
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cDNA clone; and GAPDH, glyceraldehyde 3-phosphate de-
hydrogenase gene.

cDNA Cloning. cDNA was prepared from 5 mg poly(A)1

RNA from the T47i lymphoma cell line using the ZAP-cDNA
synthesis kit (Stratagene). The cDNAs were size fractionated,
and the largest fraction was cloned into Uni-ZAP XR vector
arms. An unamplified phage library was screened using the
til-1E probe, and 19 positive recombinants were plaque puri-
fied and excised as pBluescript phagemids.

DNA Sequence Analysis. cDNA clones were shotgun cloned
and subjected to cycle sequence analysis using M13 IRD41-
labeled primers (Hybaid, Middlesex, U.K.) and ThermoSe-
quenase (Amersham) with separation on denaturing Long
Ranger gels (FMC) and data recording on a Li-Cor (Lincoln,
NB) automated sequencer. Regions of high G-C content were
analyzed further using ThermoSequenase cycle sequencing
with 33P-radiolabeled terminators (Amersham).

Preparation of Antiserum. A glutathione S-transferase fu-
sion protein was generated by insertion of a fragment encoding

the C-terminal 61 amino acids of the G1 isoform (SmaI–stop)
into the pGEX-5X-2 vector (Pharmacia) between the SmaI
and XhoI sites. The purified fusion protein (500 mg) was
injected intramuscularly into a rabbit in Freund’s complete
adjuvant. Boosting was carried out 4 weeks later in Freund’s
incomplete adjuvant. The anti-til1-G1 serum was collected 4
weeks later.

Electrophoretic Mobility Shift Assay. Nuclear extracts were
prepared and assayed using a commercial BandShift kit ac-
cording to the manufacturer’s instructions (Pharmacia) under
low-salt conditions (50 mM NaCl). The target core-binding
oligonucleotide was generated by annealing of oligonucleo-
tides 59-GGGGATATCTGTGGTAAGCA-39 and 59-GGT-
GCTTACCACAGATATCC-39 (20) and labeled with [a-
32P]dCTP with Klenow fragment.

Reverse Transcriptase–PCR Analysis. cDNAs were synthe-
sized from 5-mg aliquots of total RNA primed with the oligo
59-GCTCACGTCGCTCATCTTGC-39 using a First-Strand
cDNA Synthesis kit (Pharmacia). PCR amplification was then
carried out using the same 39 primer and a 59 primer, 59-
AAAACAGGGACTGGGTATGG-39. Cycling conditions
were 95°Cy1 min, 63°Cy30 sec, 72°Cy1 min for 30 cycles.
Products were separated on a 4% acrylamide gel and blotted
onto Hybond N (Amersham). Specific products were detected
by hybridization with the til-1E probe.

RESULTS

Identification of a Transcription Unit Activated by Proviral
Insertions at til-1. To search for a gene affected by insertions
at til-1, we screened mouse DNA in the vicinity of the clustered
integration sites (arrowheads in Fig. 1a) for sequences that are
single-copy, conserved in evolution, and expressed as RNA.
Sequence analysis of the 10-kb EcoRI fragment encompassing
this site showed no evidence of a significant match to database
sequences. However, blot hybridization with subcloned probes
revealed two stretches of unique sequence that also showed
evidence of cross-species hybridization. One of these, til-1E,
also detected abundant transcripts in Northern blots of lym-
phoma cell lines carrying insertions at til-1E (T22i, 27i, 47i) but
not in others of similar origin lacking til-1 rearrangements. The
predominant RNA species detected was around 5.5 kb, al-
though minor bands of lesser and greater mobility could also
be seen. The hybridization of til-1E to DNA (Fig. 1b) and to
Northern blots (Fig. 1c) from various species is shown.

The til-1 Transcription Unit Encodes PEBP2aAyCBFA1. To
characterize the transcripts detected by the til-1E probe in
greater detail, we generated a cDNA library from polyade-
nylated RNA of the T47i lymphoma cell line. Screening with
the probe yielded a total of 19 positive clones, of which 17 were
characterized in detail by restriction mapping and complete or
partial sequencing. As shown in Fig. 2a, the 59 ends of the
cDNA clones are homologous to til-1E, but the remainder of
the cDNA showed a match to the published sequence of
PEBP2aA (18), a gene that, like til-1, was previously mapped
to the central region of mouse chromosome 17 (21). Sequence
similarity to PEBP2aA commences within the published cod-
ing sequence (after codon 5), suggesting that the til-1E exons
provide an alternative 59 end and transcriptional initiator. The
cDNAs reveal differential splicing within the til-1E sequence,
but all share the predicted initiator ATG (as shown in Fig. 2a).

The cDNA sequences fall into five classes according to their
size and coding potential (Table 1). Most of the cDNA clones
encode the G1 isoform shown in Fig. 2b, which differs from the
published PEBP2aA1 sequence only at the N terminus and by
an extra glutamine residue within the long QyA domain, which
is characteristic of this member of the mammalian runt family.
This cDNA class corresponds to the major RNA species
detected by Northern blot analysis, and the G1 form therefore

FIG. 1. (a) Physical map of the til-1 insertion locus showing the
clustered proviral insertion sites (arrowheads) in T cell lymphomas of
Moloney murine leukemia virus-infected CD2-myc mice. The empty
arrowhead shows the site of insertion in lymphoma cell line T47i. The
locations of single-copy, conserved, and transcribed sequences are
indicated by bars underneath. Restriction enzyme abbreviations: RI,
EcoRI; RV, EcoRV; B, BamHI; K, KpnI; P, PstI; S, SstI. (b) Evolu-
tionary conservation of til-1E. Human, murine, canine, feline, avian,
and fish DNA samples were digested with SstI and hybridized with the
til-1E probe. The blot was washed at low stringency (twice in 13 SSC,
0.5% SDS, 50°C). (c) Transcripts related to til-1E are expressed in
lymphoma cell lines with proviral insertions at the til-1 locus. Total
RNA samples (20 mg) or poly(A)1 mRNA (1 mg) were separated on
a 2.2 M formaldehyde gel, and the blot was probed with til-1E before
washing at high stringency (0.13 SSC, 60°C). The T22i, T47i, and T27i
cell lines carry proviral insertions at til-1. The T cell line CTLL and the
lymphoma cell line Tn94 are unrearranged at til-1.
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is likely to represent the most abundant gene product in
lymphoma cells with insertions at til-1.

Four cDNA clones (classes 4 and 5) encode an alternative
C-terminal domain (Y), which replaces the putative transac-

FIG. 2. (a) 59 end of a representative til-1 class 1 cDNA (see Table 1). The first 413 bases of this cDNA correspond to the til-1E domain, whereas
the remainder matches closely with the published PEBP2aA1 sequence (18). The positions of heterogeneous splice variations in the 59 noncoding
sequence are indicated (sd1–3 and sa). (Bottom) The diagram shows the relationship of the til-1E genomic sequence with the cDNA clones. Seven
cDNAs were found to be spliced from sd1 to sa, five from sd2 to sa, and the remaining five were unspliced within the til-1E domain. All cDNAs
used sd3, which was spliced directly into the known sequence of PEBP2aA. (b) Predicted gene products of til-1 cDNA clones. Most of the clones
encoded the G1 isoform in which the runt domain is shown in italics. The amino acid sequence missing from the G2 and Y2 forms is underlined.
Alternative C termini for the U1 and Y1yY2 isoforms are shown below. (c) Diagram showing the structure of proteins encoded by til-1 cDNAs.
The published structures of PEBP2aA1 and aA2 (18) are shown at the top, with protein sequences boxed according to their origins from the known
intron–exon structure (19). All til-1 gene products share a characteristic N-terminal domain (X), which is derived from an exon within til-1E (see
a). Alternative splicing at the 39 end gives rise to the novel U1, Y1, and Y2 isoforms (see b). Exon D is missing from cDNAs encoding G2 and
Y2. Sequences distinct from those found in the previously published PEBP2aA are shown by solid boxes.
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tivation domain of PEBP2aA with a novel domain quite
different in sequence, although similarly rich in PEST amino
acids (43%) (Fig. 2b). A further variation was seen in class 2
and 5 cDNAs, which have an internal deletion apparently due
to skipping of exon D. It is interesting to note that this exon is
homologous to that missing from the PEBP2aB2 isoform (21).

None of the cDNAs correspond precisely to the reported
short isoform PEBP2aA2 (18), but a single clone (class 3)
encodes a protein of quite similar length (U1), which appears
to be the result of splicing from the 39 end of exon E to the
untranslated sequences of PEBP2aA1. These structures are
summarized in a diagram in Fig. 2c with the previously
established exon boundaries (A-G; ref. 19) marked to indicate
the origins of the coding sequences. The novel domain at the
N terminus is marked X, and the alternative C-terminal
domain (of unknown exon structure), by the letter Y. Filled
boxes indicate sequences distinct from those seen in the
published PEBP2aA isoforms.

N-Terminal Sequences of til-1 Gene Products Are Similar to
Chicken runtB and Variant Isoforms of AML1. As shown in
Table 2, we noted a striking similarity between the novel
N-terminal sequences of the til-1 gene products and those of
AML1c, an isoform of AML1 that is expressed from an
upstream promoter (22). A similar N-terminal sequence has
also been found in runtB, a chicken gene that is differentially
expressed during chondrocyte development (23). The til-1
sequence encoded by til-1E and the chicken runt B leader
appear to be analogous to the first of two upstream exons of
AML1c. We noted a further parallel in the pattern of splicing
upstream of the coding sequence of AML1c (22) with that
found in til-1yPEBP2aA (Fig. 2a) despite the lack of obvious
sequence homology between these sequences. It appears that
the til-1 locus harbors a variant upstream promoter at least 20
kb upstream of the major PEBP2aA coding exons and that this
promoter is activated by the insertion of Moloney murine
leukemia virus in CD2-myc mouse lymphomas.

Transcripts from the Upstream Promoter of PEBP2aA Are
Undetectable in T Cell Lines Lacking Viral Insertions but Can
Be Found in Normal Osteoblasts and Osteogenic Sarcoma
Cell Lines. As shown in Fig. 3a, probes derived from til-1E and
from the 39 untranslated region (UTR) of til-1-G1 cDNA were
used to analyze the structure of PEBP2aA transcripts in cell
lines previously shown to express the gene (EL4 and BW5147
lymphoma cells, ras-transformed 3T3 fibroblasts) (18). The 39

UTR probe revealed mRNA of the expected size in each case.
In contrast, the til-1E probe detected transcripts only in
lymphoma cell lines carrying proviral insertions at til-1E. The
levels of RNA were significantly higher in lymphoma cells with
insertions at til-1 compared with other sources, apart from C2,
a retroviral packaging cell line derived from 3T3 cells. We
found large differences between 3T3-derived sublines in levels
of PEBP2aA mRNA but with no obvious relationship to ras
transformation (18). The predominant transcripts in lym-
phoma cell lines with til-1 insertions also appeared to be
slightly smaller than from other sources, presumably due to
their shorter 59 noncoding sequences compared with the
reported sequence.

The til-1E probe did not reveal any transcripts in poly(A)-
enriched RNA from a wide range of neonatal mouse tissues.
However, the 39 UTR probe also failed to show any detectable
transcripts in the same tissues, and we could not reproduce the
faint hybridizing bands of 4.7 kb and 2.1 kb reported in thymus
and testis poly(A)1 RNA (24), suggesting that expression of
PEBP2aA in normal thymus is very low andyor restricted to
specific subsets (not shown).

In view of the expression of the chicken runtB gene in
developing bone tissues (23) and reports of an AML1-related
gene product that regulates the osteocalcin promoter in mouse
and rat osteoblasts (25, 26), we tested bone-derived cell lines
for the presence of transcripts related to til-1E. Northern blot
analysis with the til-1E probe revealed faint signals at 5.5 kb
from UMR106, a rat osteogenic sarcoma line (ATCC CRL-
1661) (not shown). A more sensitive reverse transcriptase–
PCR assay was devised to detect these transcripts (Fig. 3b), and
this revealed expression in T47i lymphoma, UMR106, and
another rat osteosarcoma cell line, ROS. The apparently larger
product seen in Fig. 3b was found to be sensitive to S1-nuclease
but not restriction endonucleases (not shown) and, hence, may
be the result of asymmetric PCR amplification.

Normal rat osteoblasts (LOBS) were also positive by this
assay, whereas T cell lines and fibroblast cells expressing the
previously known form of PEBP2aA were negative. These
results indicate that proviral insertions at til-1 induce ectopic
expression of bone-specific isoforms of PEBP2aA.

Til-1yPEBP2aA Is the Major Core Binding Activity in T47i
Lymphoma Cells. The runt family factors bind to a distinctive
motif (RyTACCRCA, R 5 purine), and this activity can be
used to monitor the functional binding proteins in nuclear
protein extracts (18, 20). We used a similar approach to analyze
binding activity in the T47i cell line. As shown in Fig. 4,
electrophoretic mobility shift assay with a core oligonucleotide
revealed a strong and sequence-specific band shift pattern in
T47i nuclear extracts (a). An antiserum raised to the C-
terminal 61 amino acids recognized a predominant 70-kDa
protein in cells expressing the gene (not shown). This anti-
serum appeared to inhibit formation of the complex or ren-
dered it too large to enter the gel (lane 4), but the shift pattern
was restored by the addition of excess glutathione S-
transferase fusion protein, where a partial supershift was also
induced (lane 5, b). In contrast, the complex band shift pattern
in E86 cells was unaffected by the antiserum and is presumably

Table 1. cDNA clones isolated from lymphoma cell line T47i

cDNA
class

No. of
clones Size

Priming
site

Coding
potential

1 7 4.7–5.0 39 UTR G1: 528 aa*
2 1 4.6–4.8 39 UTR G2: 470 aa
3 1 1.45 aA1-39 U1: 360 aa
4 2 2.5 aA2-39 Y1: 548 aa
5 2 2.35 aA2-39 Y2: 490 aa

*An additional four short cDNA clones (1.1–1.8 kb) may also encode
to this form but were incomplete due to their priming within the
coding sequence of exon G.

Table 2. N-terminal sequences of til-1, PEBP2, AML1, and chicken runt proteins

Protein Sequence

PEBP2aB1* MRIPV DASTSRRF..
PEBP2aA† MRIPV DPSTSRRF..
til-1 MASNSLFSAVTPCQQSFFW DPSTSRRF..
runtB2‡ MASNSVFDSLPSY-QHFLR DTSTSRRF..
AML1c§ MASDSIFESFPSYPQCFMR ECILGMNPSRDVH DASTSRRF..

*Ref. 21.
†Ref. 18.
‡Ref. 23.
§Ref. 22.
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due to the binding of other CBF family members (lanes 10–13).
These results demonstrate that the major core binding factor
in T47i cells is PEBP2aA.

A similar-size complex was formed with nuclear extracts
from the UMR106 cell line, and this could also be specifically
inhibited by the antiserum to PEBP2aA (lanes 6–9), indicating
that this member of the family is the predominant core binding
activity in this bone-derived cell line.

DISCUSSION

We previously identified til-1 as a novel insertion locus in
retrovirus-accelerated tumors of CD2-myc mice. We have now
shown that these insertions activate the PEBP2aA gene, a
close relative of the AML1 oncogene. From the position of the
insertions upstream and in the opposite orientation to the
gene, it appears that activation is mediated by the action of
long terminal repeat enhancers on a cellular promoter ele-

ment. Furthermore, these insertions reveal the presence of a
novel coding exon for PEBP2aA that resembles the 59 coding
sequences of other Runt domain family members, which are
expressed in a tissue-specific manner. The til-1-specific up-
stream promoter is not detectably active in T cell lines
previously shown to express PEBP2aA, suggesting that inser-
tions at til-1 induce the ectopic expression of PEBP2aA
isoforms that are normally absent from T cells.

We found no evidence of activity of the til-1 promoter in a
range of neonatal mouse tissues, including thymus and other
hemopoietic tissues. Moreover, very few tissues and cell lines
expressed detectable levels of transcripts of PEBP2aA. These
observations are consistent with studies of core binding factor
activity in a variety of hemopoietic cell lines which showed that
the protein product of CBFA1yPEBP2aA was detectable only
in a single myeloid cell line, 32D.3, and in Buffalo rat liver cells
(27). Because homozygous inactivation of the PEBP2aA gene
has revealed a critical role in bone formation (M. Owen,
personal communication), developing bone is another likely
site of normal gene expression. Moreover, the presence of a
til-1E-like N-terminal sequence in a chicken runt family iso-
form expressed in chondrocytes (23) suggests that the up-
stream variant promoter may be involved in this process. In
support of this hypothesis, we found expression of a til-1E-
related transcript in normal rat osteoblasts and in osteogenic
sarcoma cell lines, including UMR106, where PEBP2aA
proved to be the major core binding activity. Taken together,
these results strongly suggest that PEBP2aA encodes the
previously described AML1-related factor that binds to the
CBF motif in the osteocalcin promoter (25, 26).

Four of the cDNAs cloned from the T47i lymphoma cell line
encode a novel C terminus (Y domain) unrelated to that of any
known runt-domain family member. The significance of this
observation for oncogenesis is unknown because these are
likely to be minor products of the overexpressed gene. How-
ever, a role for this domain in normal development must be
considered. A transactivation domain has been identified in
the C terminus of AML1 (21), and the homologous portion of
PEBP2aA is completely replaced by the alternative Y domain.
The importance of the C-terminal domains of these factors is
also clear from recent work on Drosophila runt, where it was
shown that the replacement of the last three amino acids with
a heterologous activation domain causes severe perturbations
in development (28). Requirement for the C-terminal domain
of AML1 for functional cooperation with other transcriptional

FIG. 3. (a) Detection of PEBP2aA transcripts with specific probes. RNA from a variety of sources was examined with probes derived from til-1E
or with a 1.9-kb NcoI-HindIII probe from the 39 UTR of G1 cDNA. As expected, the abundant 5.5-kb transcript corresponding to the til-1-G1 form
was detectable with both probes, whereas the predominant RNA species in EL4, BW5147, and 3T3-derived cells (18) were detectable only with
the 39 UTR probe. Rehybridization with the GAPDH gene was used as a control for RNA loading. Analyses were performed with 5 mg of poly(A)1

RNA (T1i, 27i, 47i, BW5147, El4), or 20 mg of total cellular RNA (Tn94, 3T3, C2). (b) Analysis of expression from the til-1E promoter by reverse
transcriptase–PCR. As detailed in Methods, primers spanning the splice junction from til-1E to the exon A of PEBP2aA were used to analyze cDNA
generated from the cell lines indicated. A fragment of the expected size (228 bp) was detected in the T47i lymphoma cell line, in rat primary
long-bone osteoblasts (LOBS), and in osteosarcoma cell lines UMR106 and ROS. The larger band is single-stranded DNA. In contrast, T cell and
fibroblast cell lines previously shown to express PEBP2aA were negative by this criterion, as were CD2-myc lymphoma cells lacking proviral
insertions at til-1 (e.g., T1i).

FIG. 4. Electrophoretic mobility shift analysis of core binding
factor activity in cell extracts. Nuclear extracts were derived from T47i
lymphoma cells (lanes 2–5), UMR 106 rat osteogenic sarcoma cells
(lanes 6–9), or E86 mouse fibroblasts (lanes 10–13). No extract was
added to lane 1. All reactions included nonspecific competitor poly-
dI-dC, whereas those in lanes 3, 7, and 11 included an excess (1003)
of unlabeled target oligonucleotide. Antiserum to the C terminus of
the G1 isoform (see Fig. 2) was added in lanes 4, 8, and 12, along with
an excess of the corresponding glutathione S-transferase fusion pro-
tein in lanes 5, 9, and 13. The letters a and b indicate the major
bandshift and supershift complexes observed with the T47i and
UMR106 extracts.
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regulators such as the Ets and Myb oncoproteins further
underlines its importance (29, 30).

How does ectopic expression of PEBP2aA isoforms contribute
to thymic lymphoma development? As genes of this family can act
as positive transcriptional regulators (19, 30, 31), the unscheduled
expression of target genes is a strong possibility. Regulatory sites
for the core binding factors are found in a range of cellular gene
promoters including T cell antigen receptor (TCR) a, b, g, d,
CD3«, granulocyteymacrophage colony-stimulating factor, and
interleukin 3, as well as in viral enhancers (31–34). Ectopic
expression of growth factors is an attractive model for synergy
with Myc, which can induce apoptosis in starved cells (35).
However, the most notable feature of the list of candidate CBF
target genes is the number of TCR complex genes. Up-regulation
of TCRyCD3 expression is a critical event in T cell development
(36), and transcriptional stimulation of the component genes
might conceivably promote cell transit through growthy
differentiation checkpoints or allow survival of cells carrying
TCRs with suboptimal or excessive affinity for major histocom-
patibility complex. The collaboration of TCR complex signaling
with Myc would also provide a parallel for our earlier observation
of retroviral transduction of both c-myc and TCR-b in a naturally
occurring T cell lymphoma (37) and could account for the highly
consistent TCR1CD31 phenotype of CD2-myc lymphomas (8).

However, other models must also be considered. For exam-
ple, AML1 has been reported to transform 3T3 cells, suggest-
ing a possible direct role of these genes in controlling cell
proliferation (38). Also, antagonistic interactions may arise
through competition of a-chain isoforms for their common
CBF-b binding cofactor or DNA target sites (21, 39). This type
of dominant interference mechanism has been postulated for
the AML1 fusion proteins that are generated by chromosomal
translocations in myeloid and pre-B cell leukemias (27, 40, 41).
Moreover, the observation that the AML1 gene promoter
includes binding sites for PEBP2yCBF factors (42) suggests the
possibility of cross-regulation between isoforms and family
members at the transcriptional level.

Further experiments will be aimed at establishing the se-
lective advantage conferred by PEBP2aA activation and its
relationship to the other-known pathways of myc-induced
oncogenesis. We will also examine the involvement of the
other runt domain family members in the tumors of CD2-myc
mice that lack insertions at til-1.
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