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Previously we have described the derivation of three distinct classes of leukemic cell clones from a single in
vivo-passaged myelomonocytic leukemia, WEHI-274, that arose in a mouse infected with the Abelson leukemia
virus/Moloney leukemia virus complex (K. B. Leslie and J. W. Schrader, Mol. Cell. Biol. 9:2414-2423, 1989).
The three classes of cell clones were characterized by distinct patterns of growth in vitro, the production of
cytokines, and the presence of cytokine gene rearrangements. However, all three classes of WEHI-274 clones
bore a common rearrangement of the c-myb gene, suggesting that all were derived from the one ancestral cell
and that at least three distinct and independent autostimulatory events were involved in the progression of a
single myeloid leukemic disease. In this article, we demonstrate that the autocrine growth factor production by
the WEHI-274 leukemic clones resulted from cytokine gene activations mediated by the insertion of an
intracisternal A-type particle (IAP) sequence 5' to the interleukin-3 (IL-3) gene, in the case of the class I clone,
or 5' to the gene for granulocyte-macrophage colony-stimulating factor (GM-CSF), in the case of the class II
clones. IAPs are defective murine retroviruses encoded by endogenous genetic elements which may undergo
transpositions and act as endogenous mutagens. The functional IL-3 and GM-CSF mRNAs were generated by
mechanisms in which the splice donor apparatus of the IAP sequence has been used in IAP gag-to-IL-3 or
-GM-CSF splicing events.

There are numerous reports in the literature of instances in
vhich the dependence of an immortal cell line on exogenous
growth factors has been abrogated by autocrine or nonauto-
crine mechanisms, with a coincident onset of malignant
behavior in vivo (27). Experiments in which retroviral con-
structs directing the synthesis of interleukin-2 (IL-2), IL-3,
IL-5, or granulocyte-macrophage colony-stimulating tctor
(GM-CSF) have been introduced into factor-dependent he-
mopoietic cell lines have demonstrated elegantly that the
aberrant constitutive production of a hemopoietin by an
immortalized hemopoietic progenitor cell can be a critical
step in myeloid leukemogenesis. The pathological, constitu-
tive activation of growth factor genes resulting in autocrine
growth in vitro has been described in a number of myeloid
leukemias derived in vivo (2, 26, 27).
Many examples can be cited in which proto-oncogenes

have been pathologically activated by the insertion of retro-
viral sequences (4, 6, 9, 17, 18, 22, 39, 40, 42, 47, 48). In
studies of murine leukemogenesis, this mechanism of retro-
virus-mediated activation of cellular genes has also been
described for the pathological activation both of cytokine
genes (3, 10, 44, 46, 49, 50) an; of genes encoding cytokine
receptors (23, 45). While examples of such retrovirus-medi-
ated activations have been described for typical retroviral
proviruses (44), the vast majority of activations appear to be
mediated by the transposition of intracisternal A-type parti-
cle (IAP) proviral sequences (3, 10, 44, 46, 49, 50). IAPs are
defective murine retroviruses encoded by endogenous ge-
netic elements which are present at a copy number of about
1,000 per haploid genome of Mus musculus (7, 30). While
differing from transmissible retroviruses primarily in lacking
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an extracellular phase (24, 25, 34), nonetheless IAPs may
undergo transpositions and act as endogenous mutagens.

Previously we have described the derivation of three
distinct classes of leukemic cell clones from an in vivo-
passaged myelomonocytic leukemia, WEHI-274, that arose
in a mouse infected with the Abelson leukemia virus/Molo-
ney murine leukemia virus (MoMLV) complex (27) but in
which there was no evidence of Abelson leukemia proviral
insertions. The three classes of cell clones could be distin-
guished by their patterns of growth in vitro, the production
of cytokines, and the presence of cytokine gene rearrange-
ments. Class I comprised a single clone, bearing a rearrange-
ment of the IL-3 gene, resulting in autocrine growth behavior
in vitro mediated by IL-3. Class II comprised multiple
clones, all bearing identical rearrangements of the GM-CSF
gene but with no alterations in the IL-3 gene, resulting in
autocrine growth behaviors mediated by GM-CSF. The cell
clones of class III bore rearrangements of neither the GM-
CSF nor the IL-3 gene and did not exhibit direct or indirect
patterns of autocrine growth behaviors. However, a para-
crine mode of growth stimulation was found to be operating
bc'h in vitro and in vivo, and it appeared to be mediated by
IL-lot which was constitutively released by this leukemic
line and was able to stimulate the release of GM-CSF from
fibroblasts and other cells (28). Although the three classes of
WEHI-274 clones were heterogeneous with respect to the
production of growth factors, all clones bore a common
rearrangement of the c-myb gene (27), suggesting that all
were derived from one ancestral cell in the original animal.
Thus, these experiments demonstrated that at least three
distinct and independent autostimulatory events were in-
volved in the progression of a single myeloid leukemic
disease.

In this study, we demonstrate that the cytokine gene
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activations in the WEHI-274 leukemic clones have been
mediated by the insertion of an IAP sequence 5' to the IL-3
gene, in the case of the class I clone, or 5' to the GM-CSF
gene, in the case of the class II clones. We describe the
generation of functional cytokine mRNAs from these rear-
ranged genes by splicing mechanisms from IAP to cytokine
gene.

MATERIALS AND METHODS

Cells and cell culture conditions. Cells were routinely
grown in RPMI 1640 supplemented with newborn calf serum
(10%), 2-mercaptoethanol (5 x 1i-' M), glutamine (2.8 x
10-3 M), penicillin (100 U/ml), and streptomycin (100 U/ml)
and with WEHI-3B-conditioned medium (2% of a 10-fold
concentrate) as indicated. The cell lines WEHI-274.14 and
WEHI-274.28 have been described elsewhere (27). The
murine T-cell line used was the p41.1 line described by
Ziltener et al. (51).
Genomic DNA preparation, Southern blotting, and prepa-

ration of genomic libraries. Genomic DNA was isolated
according to standard methods (33), and 7-,ug aliquots were
digested with restriction endonucleases according to the
recommendations of the manufacturer. Digests were sepa-
rated by 0.7% agarose gel electrophoresis then blotted
according to standard methods (33, 43). In the preparation of
genomic libraries from the WEHI-274.14 cell line, EcoRl-
digested genomic DNA was size fractionated by 0.6% aga-
rose gel electrophoresis, and 4.5- to 11-kb DNAs were
ligated into the vector Aong C (Stratagene). Recombinant
phage were screened with an IL-3 genomic probe.
RNA preparation, Northern (RNA) blotting, and prepara-

tion of cDNA. The isolation of whole-cell polyadenylated
RNA and its analysis by 1.0% agarose-formaldehyde gel
electrophoresis was performed according to the method of
Gonda et al. (18). For all gels, 2 ,ug of RNA was loaded per
lane except for the RNA derived from concanavalin A-acti-
vated T cells, for which aliquots were 0.2 ,ug. The approxi-
mate sizes of specific bands were estimated by extrapolation
using the 18S and 28S ribosomal bands as molecular size
markers. First-strand cDNA was prepared from poly(A)-
selected, whole-cell RNA by standard methods (33) using
MoMLV reverse transcriptase (Bethesda Research Labo-
ratories).
PCR and oligonucleotide primers. Second-strand synthesis

of cDNAs and their subsequent amplifications, or amplifica-
tions of specific genomic DNA fragments, were performed
by polymerase chain reaction (PCR) in a DNA Thermal
Cycler (Perkin Elmer Cetus), using TaqI DNA polymerase
(Bethesda Research Laboratories) under conditions recom-
mended by the supplier. Annealing temperatures used were
58°C in the generation of clone p6B4, 53°C in the generation
of clones p115 and p132, 54°C in the generation of clone
p323a.1, and 62°C in the performance of nested PCR reac-
tions and the generation of clones p1271.4 and p1328.
Reactions with single pairs of oligonucleotide primers were
subjected to 30 rounds of amplification, while nested ampli-
fications were performed in two successive rounds of 15
cycles.
The oligonucleotide primers used in the preparation of

cDNA and in PCR reactions of cDNA or genomic DNA
contained the following regions: sense IAP long terminal
repeat (LTR) R-region primer, 5'-GT-lTTCTCTCTCTCT
TGCTTCTTGC-3'; antisense IL-3 exon 5 primer, 5'-TTAA
CATTCCACGGTTCCACGGTTA-3'; antisense GM-CSF
exon 4, 5'-TCATTTTTGGCTTGGTTTTT-lTGCAT-3'; sense

IAP gag region nested primers, 5'-ACTGGCGCAAGGAA
GATCCCTCAT-3' and 5'-AGAACTGCGGGTCGCGGTAA
TAAA-3'; antisense IL-3 exons 2 and 3 nested primers, 5'-G
ACAGGTTTACTCTCCGAAAGCTC-3' and 5'-TCCTCAG
AGAGGGACCTTCATCAT-3'; and antisense GM-CSF ex-
ons 2 and 3 nested primers, 5'-GGGTCTGCACACATGTTA
GCTTCT-3' and 5'-CTCGTTAGAGACGACTTCTACCTC-
3'.
DNA sequencing. Genomic and cDNA clones were sub-

cloned into M13 vectors and plasmid pUC12. Single- and
double-stranded sequencing were performed with [a-32P'
dATP by dideoxynucleotide chain termination. All se-
quences were read from both strands.

Hybridization conditions and probes. DNA fragments were
labeled by random priming with random hexamers according
to the method of Feinberg and Vogelstein (15). Hybridiza-
tion with Northern and Southern filters was performed in
50% formamide-0.1% Ficoll-0.1% polyvinylpyrrolidone-
0.1% bovine serum albumin-6x SSC (lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate)-1% sodium dodecyl
sulfate (SDS)-15 mM EDTA-10 mM N-2-hydroxyethylpip-
erazine-N'-2-ethanesulfonic acid (HEPES) for 16 h at 42°C.
Filters were washed at 55°C for 1 h in 0.1% SDS-2x SSC
with three changes of buffer and then at 55°C for 15 min in
0.1% SDS-0.1x SSC prior to autoradiography.
The genomic IL-3 probe was a 3-kb BamHI-BamHI frag-

ment, which included about 1.7 kb of sequence 5' to the IL-3
TATA box (courtesy of A. Dunn [37]). The GM-CSF probe
was a PstT-to-EcoRI fragment of a pUC8 subclone of GM-
CSF cDNA clone 3.2 (courtesy of N. Gough [19]). Other
probes are as described in the text.

RESULTS

Rearrangement and activation of IL-3 and GM-CSi genes
in distinct clones of WEHI-274. Previous studies have shown
that one allele of the IL-3 gene is rearranged in the class I
clone WEHI-274.14 (27). Using an IL-3 genomic probe (a
3-kb BamHI-BamHI fragment which included exons 1 and 2
and about 1.7 kb of sequence 5' to the IL-3 coding region),
Southern blot analysis of EcoRT-digested DNA from WEHI-
274.14 revealed 9.1- and 5.6-kb bands in addition to the germ
line 8.5-kb band. Detailed restriction endonuclease mapping
using multiple genomic probes revealed that the genomic
rearrangement involved the 5' end of the IL-3 gene, with the
junction between rearranged and germ line DNA being less
than 1,000 bp upstream of the site of the normal IL-3 coding
region (27). Northern blot analysis using whole-cell polyad-
enylated RNA from the class I clone (WEHI-274.14) re-
vealed grossly abnormal IL-3 gene transcripts of 8, 4.5, and
1.3 kb (Fig. 1A), significantly larger than the 1.1-kb RNA
species from an activated T-cell clone.

Southern blot analysis of a class TI clone, WEHI-274.28,
revealed a rearrangement of one allele of the GM-CSF gene
but a germ line IL-3 gene (27). This rearrangement of the
GM-CSF g: ie was present and identical in all of the clones
of class II. Kestriction endonuclease mapping indicated that
the junction between rearranged and germ line DNA in the
class II clones occurred in a region between 3.5 and 6.0 kb
upstream of the GM-CSF coding region (27). Northern blot
analysis of mRNAs from the clones of class IT showed no
evidence of RNA species hybridizing with an IL-3 probe
(Fig. 1A) but did demonstrate grossly abnormal GM-CSF
gene transcripts of 10 and 1.5-kb (Fig. 1B). These mRNA
species are significantly larger than the 1.3-kb GM-CSF gene
transcripts in activated T cells. The two additional species
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FIG. 1. Northern blot analysis of WEHI-274 clones for IL-3- and
GM-CSF-specific RNAs. Whole-cell polyadenylated RNA was frac-
tionated on denaturing gels and analyzed by Northern blotting, using
an IL-3 genomic probe (A) and a GM-CSF cDNA probe (B). Lanes:
1, conA-activated T-cell line; 2, class I clone (274.14); 3, class II
clone (274.28).

seen by Northern blot analysis of T-cell-derived RNA (Fig.
1B, lane 1) are assumed to be nuclear precursors of the
mature 1.3-kb GM-CSF cytoplasmic message, since the
sample used included both nuclear and cytoplasmic poly-
adenylated RNA.

Characterization of the IL-3 gene rearrangement in WEHI-
274.14. To characterize the nature of the IL-3 gene rear-
rangement in the class I clone (WEHI-274.14), and perhaps
obtain clues as to the mechanism of generation of the
abnormal IL-3 gene transcripts, lambda clones of genomic
DNA were generated in parallel with experiments amplifying
genomic DNA by PCR.
From a genomic library constructed from WEHI-274.14

DNA, a recombinant lambda clone (pDR) was isolated
bearing a 5.6-kb insert that hybridized with an IL-3 genomic
probe (3-kb BamHI-BamHl fragment including about 1.7 kb
of sequence 5' to the IL-3 coding region). This 5.6-kb insert
was assumed to represent the 5.6-kb EcoRI band seen on
Southern blot analysis of DNA from the class I clone.
Sequence analysis of the pDR clone revealed that the IL-3
gene has been disrupted by the insertion of an IAP proviral
sequence (Fig. 2) in the same transcriptional orientation as
the IL-3 gene. The DNA sequence of the 5' IAP LTR (as
determined from clone pDR) bore a high homology with

clone pDR

other IAP LTRs described in the literature (Fig. 3). Thus, the
5.6-kb fragment comprised approximately 5.2 kb of 5' ge-
nomic IL-3 sequence and 0.4 kb of IAP sequence.
The 3' junction of the IAP proviral insertion was cloned by

amplification of genomic DNA by PCR using a sense oligo-
nucleotide primer derived from the R region of the IAP LTR
(as determined from DNA sequence analysis of the 5' LTR
of the IAP) and an antisense oligonucleotide primer derived
from exon 5 of the IL-3 gene. The PCR-generated products
were digested with HindlIl and ligated into pUC12, and the
recombinant plasmid was screened with the IL-3 genomic
probe. DNA sequence analysis of clone p6B4 (containing a
460-bp fragment) confirmed its derivation from the 3' junc-
tion of the IAP proviral insertion, 5' to the IL-3 coding
region (Fig. 2). DNA sequencing of this 3' LTR revealed
100% homology with the 5' IAP LTR in the R and U5 regions
(data not shown).
Thus, in the WEHI-274.14 cell line, an IAP provirus has

inserted 206 bp 5' to the initiator methionine codon of the
IL-3 gene. The IAP sequence is flanked by a typical 4-bp
inverted repeat 5'-TGTT/AACA-3', with a typical 6-bp du-
plication at the site of insertion (5'-GCAGTC-3') (Fig. 2).
Using the knowledge of restriction sites predicted from the
sequence analysis of clones pDR and p6B4, together with
detailed restriction mapping of WEHI-274.14 genomic DNA
by Southern analysis, it is evident that the inserted IAP
sequence is about 6.2 kb in length (Fig. 2).

Splicing of IAP mRNAs from germ line proviral sequences.
Previous studies have shown that the abnormal 8-kb IL-3
gene transcript seen in WEHI-274.14 (Fig. 1A) is initiated
from a site upstream of the normal IL-3 transcription initia-
tion site (27). Since the IL-3 gene was disrupted by the
insertion of an IAP proviral sequence 5' to the gene (Fig. 2),
and since the pattern of IL-3 mRNA species seen by
Northern analysis of WEHI-274.14-derived mRNAs (Fig.
1A) suggested the existence of presumed alternatively
spliced forms of the IL-3-bearing transcripts, we were inter-
ested in two questions. First, do RNAs from IAP proviral
sequences splice in a similar manner to that of the transcripts
of retroviral proviruses? Second, is the pattern of IL-3
mRNA species seen in WEHI-274.14 due to splicing events
involving the IAP inserted upstream of the IL-3 gene? To

clone p6B4
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FIG. 2. Insertion of an IAP proviral sequence 5' to the IL-3 gene in WEHI-274.14. Shown is the restriction map and position of an IAP

proviral sequence (hatched boxes; dark hatch, LTR regions) relative to the IL-3 gene (solid boxes). The transcriptional orientation of the IAP
sequence is indicated by an arrow. Beneath the genomic map are sequence data describing the point of insertion of the IAP sequence (heavy
lines above the nucleotide sequence indicate flanking 4-bp inverted repeats; boxed sequences indicate the 6-bp duplication at the site of
insertion). Abbreviations: R, EcoRI; P, PstI; G, BglII; H, HindIlI; B, BamHI.
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U3 region
10 20 30 40 50 60 70 80 90 100
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1AP274 TGCCGCA GAA GATTCTGGTC TGTGGTGTTC TTCCTGGCCG GTCGTGAGAA CGCGTCTAAT AACA
I -L3 ----G------------ ---------- ------G--- ----

1=4 ------- --- ---------- ---------- ------C-G- ---------- --GC------ ----

X-MP81 ------- --- ---------- ---T----CT ---------- -------------------G ----
igk - ----------

XRPC24 ------- --- ---------- ---T---------------- -GTG---------G-

FIG. 3. Nucleotide sequence of the 5' LTR of the IAP proviral sequence inserted 5' to the IL-3 gene in WEHI-274. 14. Shown is the 5' LTR
sequence of the IAP proviral sequence inserted 5' to the IL-3 gene in WEHI-274.14 (IAP274) relative to sequences of five other IAP 5' LTR
sequences from the literature: IAP-1L3, from the rearranged IL-3 gene in the cell line WEHI-3B (50); MIA14, a germ line nontransposed IAP
sequence (34); A-IAP81, a germ line nontransposed IAP sequence (8); igk-1, an IAP sequence transposed into the immunoglobulin kappa locus
(20); and XRPC24, an IAP sequence transposed into the c-mos oncogene (6). Dashes indicate identical bases: dots represent gaps introduced
to enhance alignment. Vertical bars divide the LTRs into U3, R, and U5 regions.

answer the first of these questions, i.e., to examine the
existence of splicing events in the transcripts from germ line
IAP proviruses, we derived several cDNA clones encoding
germ line IAP sequences.

IAP-encoding cDNA was generated by a PCR method
using a single sense oligonucleotide primer derived from the
R region of the IAP LTR (as determined from the pDR
clone). This protocol was based on the reasoning that under
conditions of low stringency, the sense primer could also
function as a random antisense primer. PCR-generated

A
p132
IAP-IL3 [479-537]
MIA14 [491-549]
p115

B
pl32
IAP-IL3 [3555-3605
MIA14 [5554-5603

cDNAs were ligated into pUC12, and clones were screened
by using an IAP LTR probe (derived from pDR). DNA
sequence analysis revealed that one cDNA clone (p115)
contained the entire IAP gag region, thus reading through all
potential RNA splice donor sites (Fig. 4A). It was assumed
that the p115 clone had derived from a genomic, unspliced
IAP transcript. Sequence analysis of a further clone (p132),
however, revealed a splicing event from the IAP gag region
to the IAP env region (Fig. 4A and 4B).
The point at which the p132 sequence diverges from the

GAACTTTTCAGCTGGGGAACGGTGGATACCA................................
GAACTTTTCAGCTGGGGAACG.AGAGTACCAGTGAGTACAGCTTTACGAGGTAAGTCTGATCT
GAACTTTTCAGCTGGGGAACG.AGAGTACCAGTGAGTACAGCTTTACGAGGTAAGTCTGATCT
GAACTTTTCAGCTGGGGAACG.AGAGTACCAGTGAGTACAGCTTTACGAGGTAAGTCTGATCT

* *

...............GATGAAGACAACCCATTTTGGGTACCAGAAAGACTC

iI TGTGTTTTCCCACAGAATGAAGACAACCCATTTTGGGTACCAGAAAGACTC
I] TGTGTTTT.CCACAGAATGAAGACAACCCATTTTGGATACCAGAAAGACTC

*

FIG. 4. Splicing of IAP mRNAs from germ line proviral sequences. (A) Predicted IAP gag-encoded splice donor site (large asterisk), as

predicted by comparison of the cDNA sequences of an unspliced IAP transcript (p115) and a spliced IAP transcript (p132). An additional
splice donor consensus exists (small asterisk) 19 bp 3' to that used in the generation of the p132 sequence. (B) Predicted IAP env-encoded
splice acceptor (*) used in the generation of the spliced p132 sequence. Both splice donor and splice acceptor consensus sequences are

conserved in homologous regions (base position indicated by numbers) of published sequences for the transposed IAP sequence IAP-IL3 (47)
and the germ line IAP sequence MIA14 (34). Dots represent gaps introduced to enhance alignment.
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FIG. 5. Analysis ofIAP gag-to-cytokine splicing events by PCR.
Whole-cell polyadenylated mRNAs from the class I clone WEHI-
274.14 (lane 2) and the class II clone WEHI-274.28 (lane 3) were

reverse transcribed and subjected to PCR using nested IAP gag

region oligonucleotide primers and nested IL-3 (exons 2 and 3)
oligonucleotide primers (lane 2) or GM-CSF (exons 2 and 3) oligo-
nucleotide primers (lane 3). Amplified DNAs were separated by
1.5% agarose gel electrophoresis and stained with ethidium bro-
mide. The sizes of molecular weight markers (lane 1) are shown in
base pairs.

gag sequence of the unspliced p115 clone occurs in a region
encoding a functional splice donor site, according to guide-
lines established by Shapiro and Senapathy (41) (Fig. 4A).
This splice donor site is conserved in several other published
IAP sequences, including both germ line (27, 34) and trans-
posed (49, 50) IAP sequences. Interestingly, another splice
donor consensus is evident only 19 bp downstream of the
site used in the p132 clone, theoretically as functional as its
more 5' neighbor. This additional splice donor consensus is
similarly conserved in other published IAP sequences (Fig.
4A). The point at which the p132 sequence becomes homol-
ogous with the env regions of published IAP sequences

occurs in a region encoding a functional splice acceptor site
according to the guidelines published by Shapiro and Senap-
athy (41) (Fig. 4B). Similarly, this splice acceptor site is
conserved in several other published germ line and trans-
posed IAP sequences. Thus, primed with the information
that IAP mRNAs do indeed undergo splicing events, we

sought to investigate the mechanism underlying the genera-

tion of the abnormal IL-3 gene transcripts in the class I clone
(WEHI-274.14) and the abnormal GM-CSF gene transcripts
in the class II clone (WEHI-274.28).

Characterization of the abnormal IL-3 transcripts in the
class I clone WEHI-274.14. On the assumption that transcrip-
tion initiating 5' to a gene activated by a head-to-tail IAP
insertion (i.e., an IAP provirus inserted in the same tran-
scriptional orientation as the activated gene) most probably
will initiate from one or another IAP LTR, we attempted to

amplify by PCR cDNAs bearing both IAP LTR and IL-3
sequences by using nested oligonucleotide primers. The
sense oligonucleotide primers were designed from a region
approximately 100 bp 5' to the gag splice donor site demon-
strated in Fig. 4, while the antisense oligonucleotide primers
were derived from IL-3 coding regions spanning exons 2 and
3. PCR-generated cDNAs from the two major bands (Fig. 5,
lane 2) were ligated into pUC12, and clones were screened
with an IAP gag probe (derived from p115) and an IL-3
cDNA probe.
DNA sequence analysis of a double-positive clone,

p1271.4, derived from the larger, approximately 400-bp
PCR-generated cDNA, revealed a presumed IAP-IL-3 splic-

ing event (Fig. 6A). In the case of this IAP-IL-3 splicing
event, the splice donor site used was the more 3' of the two
potential splice donor sites demonstrated earlier (Fig. 4A)
rather than the site used in generation of the spliced mRNA
from the nontransposed IAP element discussed earlier (clone
p132). The splice acceptor site used is a cryptic acceptor
located 24 bp 5' to the transcription initiation site of the germ
line IL-3 gene (Fig. 6A). Thus, the p1271.4 clone was derived
from an mRNA, apparently initiating in the 5' LTR of an IAP
inserted 5' to the IL-3 gene, which had spliced from a
functional splice donor site in the IAP gag region to a cryptic
splice acceptor found a short distance upstream of the IL-3
coding region (Fig. 6B). The size of this PCR-generated
cDNA is very close to the calculation of 398 bp predicted for
such a spliced mRNA. Moreover, the additional 351 bases
expected at the 5' end of such a spliced mRNA which has
initiated from the 5' LTR of the IAP (as compared with a
transcript initiating at the normal initiator of the IL-3 gene)
(Fig. 6A) is in reasonable agreement with the Northern
analysis of WEHI-274.14 mRNAs (Fig. 1). In such Northern
analyses (Fig. 1), the smaller cytoplasmic IL-3 message from
WEHI-274.14 was shown to be slightly larger than the
normal T-cell-derived IL-3 message.
DNA sequence analysis of another double-positive clone,

p1328, derived from the smaller, approximately 180-bp PCR-
generated cDNA, revealed a further IAP-IL-3 splicing
event. In the case of this IAP-IL-3 splicing event, again the
splice donor site used was the more 3' of the two potential
splice donor sites demonstrated earlier (Fig. 4A). However,
the splice acceptor site used is the normal splice acceptor of
exon 2 of the germ line IL-3 gene (Fig. 6A). Thus, the p1328
clone was derived from an mRNA, apparently initiating in
the 5' LTR of the IAP inserted 5' to the IL-3 gene, which had
spliced from a functional splice donor site in the IAP gag
region to the functional splice acceptor of exon 2 of the IL-3
coding region. The two additional faint bands at approxi-
mately 370 and 340 bp in Fig. 5, lane 2 are assumed to
represent rare splicing events from the IAP gag splice donor
to splice acceptor consensus sequences observed at posi-
tions 696 and 737 of the published murine genomic IL-3
sequence (37).
While the spliced mRNA represented by the p1271.4

cDNA would be expected to be productive of a functional
IL-3 protein, that represented by the p1328 cDNA would
not. Thus, the IAP-IL-3 splice demonstrated in the p1328
clone has resulted in (i) a coding region with no initiator
methionine codon and (ii) a predicted amino acid sequence
truncated of the first 29 residues of the mature IL-3 protein
with no hydrophobic leader peptide.

Characterization of the abnormal GM-CSF transcripts in
the class TT clone WEHI-274.28. Comparison of the Northern
blot analyses of the class I and class TT clones (Fig. 1)
revealed similarities in the size distribution of IL-3 mRNAs
from the class I clone and GM-CSF mRNAs from the class
TT clone, namely, the existence of a large dominant species of
8 or 10 kb and a less intense, smaller species of 1.3 or 1.5 kb.
Experiments were devised to explore the possibility that
both the abnormal IL-3 and GM-CSF gene transcripts were
generated by similar IAP-mediated mechanisms.

Again, on the assumption that transcription initiating 5' to
a gene activated by a head-to-tail IAP proviral insertion most
probably will initiate from one or another IAP LTR, we
attempted to amplify by PCR cDNAs bearing both IAP LTR
and GM-CSF sequences. The sense oligonucleotide primer
encoded the first 25 bases of the LTR R region from clone
pDR, while the antisense oligonucleotide primer was derived
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A
pll5

p1271.4

IL-3 [736-732]

310 320 330 340
GAACGAGAGTATCAGTGAGTACAGCTTTACGAGGTAAGTCTGATCT

GCCCCGCCCCACCCCTCTCTGAATACATATAAG

350 360 370 380

iUTIAAU-X-TCTGTGGTTCTTAGAA''CTTGAGGAW'''lXAGXAWACGAGAW'AATGGTTCTT .. .

GTGAAGGCTCCTGTGGCTTCTTCAGAACCCCTTGGAGGACCAGAACGAGACAATGGTTCTT...
* MetValLeu...

B
p115

p323a.1

GK-CSF [1085-1136]

10 320 330 340 350 360 370 380 390
GTTTTCTCTCTCTC..... TACAGCTTTACGAGGTAAGT
11111111111111 11111111111111
GTTTTCTCTCTCTC..... TACAGCTTTACGAGAGCTCTTTTGCAGTGAGCCCAGTACTCAGAGAGAAAGGCTAAGGTCCTGAGGAGGATGTGGCTG...

1...
AATCATTTCCTCTAACTGTGTATATAAGAGCTCTTTTGCAGTGAGCCCAGTACTCAGAGAGAAAGGCTAAGGTCCTGAGGAGGATGTGGCTG...

MetTrpLeu...

C

5. I IE-_3'
IAP provirus cytokine gene

FIG. 6. IL-3 transcripts in WEHI-274.14 and GM-CSF transcripts in WEHI-274.28 processed by splicing from IAP-to-cytokine coding
sequences. (A) Selected regions of the nucleotide sequence ofcDNA clone p1271.4 demonstrating its origin from a spliced IAP-IL-3 mRNA.
Vertical lines indicate homology with an unspliced IAP proviral transcript (p115) or the 5' genomic sequence of IL-3 (IL-3 [37]). Numbers
indicate distance in base pairs from the postulated 5' terminus of the clone p1271.4; triple-letter amino acid coding represents the predicted
translation products of clone p1271.4 and IL-3; dots indicate artificial breaks in the sequence introduced to aid clarity. The asterisk indicates
the transcription initiation site of the germ line IL-3 gene. (B) Selected regions of the nucleotide sequence of cDNA clone p323a.1
demonstrating its origin from a spliced IAP/GM-CSF mRNA. Vertical lines indicate homology with an unspliced IAP proviral transcript (p115)
or the 5' genomic sequence of GM-CSF (GM-CSF [36]). Numbers indicate distance in base pairs from the postulated 5' terminus of clone
p323a.1; triple-letter amino acid coding represents the predicted translation products of clone p323a.1 and GM-CSF; dots indicate artificial
breaks in the sequence introduced to aid clarity. The asterisk indicates the transcription initiation site of the germ line GM-CSF gene. The
generation of these spliced IAP-cytokine transcripts are represented (top line) diagrammatically in panel C (not to scale). Thick lines represent
exonic sequences; thin lines represent intronic sequences.

from the 3' region of GM-CSF exon 4. PCR-generated
cDNAs were ligated into pUC12, and clones were screened
with an IAP LTR probe (derived from pDR) and a GM-CSF
cDNA probe. DNA sequence analysis of a double-positive
clone, clone p323a.1, revealed a presumed IAP-to-GM-CSF
splicing event (Fig. 6B). This finding suggests the strong
possibility that the GM-CSF gene rearrangement observed in
the class II clones (27) was indeed secondary to a head-to-
tail insertion of an IAP provirus 5' to the GM-CSF gene.

In the case of this IAP-GM-CSF splicing event, again the
splice donor site used was the more 3' of the two potential
splice donor sites demonstrated earlier (Fig. 4A and 6A).
The splice acceptor site used is a cryptic acceptor located 23
bp 5' to the transcription initiation site of the germ line
GM-CSF gene (Fig. 6B). Thus, the p323a.1 clone was
derived from an mRNA, presumably initiating in the 5' LTR
of an IAP inserted 5' to the GM-CSF gene, which had spliced
from a functional splice donor site in the IAP gag region to
a cryptic splice acceptor found a short distance upstream of
the GM-CSF coding region (Fig. 5B). The size of this
PCR-generated cDNA is very close to the calculation of 373
bp predicted from such a spliced mRNA, and again the
additional 351 bases expected at the 5' end of such a spliced
mRNA which has initiated from the 5' LTR of the IAP (as
compared with a transcript initiating at the normal initiator
of the GM-CSF gene) (Fig. 6B) is in reasonable agreement
with the Northern analysis of WEHI-274.28 mRNAs (Fig. 1).
Thus, the smaller cytoplasmic GM-CSF message from
WEHI-274.28 was shown to be slightly larger than the
normal T-cell-derived GM-CSF message (Fig. 1).

To investigate the existence of alternative IAP-to-GM-
CSF splicing events, we attempted to amplify by PCR
cDNAs bearing both IAP gag and GM-CSF sequences,
using nested oligonucleotide primers. Again, the sense oli-
gonucleotide primers were designed from the region approx-
imately 100 bp 5' to the gag splice donor site demonstrated
in Fig. 4, while the antisense oligonucleotide primers were
derived from GM-CSF coding regions spanning exons 2 and
3. DNA sequence analysis of the two major PCR-generated
cDNAs (Fig. 5, lane 3) revealed that the larger, approxi-
mately 370-bp band was derived from the same spliced
mRNA species as the p323a.1 clone, while the smaller,
approximately 270-bp band was derived from a distinct
IAP-to-GM-CSF spliced mRNA. This latter mRNA again
utilized the more 3' of the two gag-encoded splice donor
sites (Fig. 4A) but spliced to an acceptor site in a region
encoding the signal peptide of the GM-CSF protein (position
1211 of the published murine genomic GM-CSF sequence
[36]). Thus, while such an mRNA bears the full coding
sequence of the mature GM-CSF protein, including a gag-
derived initiator methionine codon, there is no sequence
encoding a hydrophobic leader peptide.

DISCUSSION

In this study, we have described the independent, patho-
logical, IAP-mediated activations of cytokine genes (GM-
CSF and IL-3) in a single in vivo-derived murine myeloid
leukemia. Both rearrangements resulted in autocrine growth
behaviors by the respective cells. In both cytokine gene
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activations, functional mRNAs have been generated by a
mechanism in which the splice donor apparatus of the IAP
sequence has been used in an IAP gag-to-IL-3 or -GM-CSF
splicing event.

Transposition of IAP sequences are well documented in
the literature, such sequences ranging in length from isolated
LTRs (10) to full-length 7.2-kb IAP proviral sequences (20).
Such examples may involve stable alterations to the germ
line DNA, transmitted vertically in the context of activated
(5) or disrupted and inactivated (20, 32) cellular genes.
Non-germ line IAP transpositions may be detected by virtue
of subsequent alterations of cell growth and neoplastic
transformation. Such IAP transpositions in hematological
malignancies have been described in the pathological activa-
tion of genes for IL-3 (10, 49, 50), IL-5 (46), IL-6 (3), and
GM-CSF (10, 44) and of the genes of the receptors for IL-2
(23) and IL-6 (45). In at least two cases, more than one IAP
transposition may have been involved in the progression of a
single myeloid leukemia. Thus, in addition to the current
study in which two distinct IAP insertions have activated the
GM-CSF and the IL-3 genes in a single leukemic disease, the
WEHI-3B cell line bears IAP-mediated activations of both
the IL-3 gene (37, 49, 50) and the HOX-2.4 gene (4, 22).
The transcriptional activation of IAP sequences appears to

be under the control of a complex series of regulatory
proteins (11-13, 31) and is influenced by such variables as
DNA methylation (14, 29, 35) and the state of cellular
differentiation (21) or transformation (1). Activation of cel-
lular genes by local insertion of IAP sequences has been
postulated to be due to one of at least three general mecha-
nisms: the introduction of a cis-acting IAP LTR enhancer
either 5' (37, 49, 50) or 3' (44, 45) to the gene; the more
theoretical possibility of separating the promoter of a cellular
gene from 5' inhibitory sequences by the intervening inser-
tion of an IAP sequence; and the introduction of an alterna-
tive, LTR-encoded promoter 5' to the cellular gene (9, 23,
37, 46, 49, 50).
A new promoter may be introduced when an IAP se-

quence is inserted 5' to a cellular gene, irrespective of the
orientation of the proviral or LTR sequences relative to the
transcriptional orientation of the cellular gene. This in vitro
demonstration of the bidirectionality of LTR-mediated pro-
moter activity (8, 31) has recently been given pathological
significance. Thus, the head-to-head IAP insertion into the 5'
end of the c-mos coding region in the XRPC24 myeloma
resulted in the transcriptional activation of that gene from a
cryptic promoter in the 5' LTR of the IAP (9). Existing
reports of transcripts generated from cellular genes activated
by the insertion of an IAP promoter 5' to that gene have
described only two mechanisms, neither of which involves
substantial RNA splicing events. First, the IAP sequence
may be inserted within the coding region of the cellular gene,
such that transcription will proceed directly from the LTR
into exonic sequence (9). Second, the IAP sequence may be
inserted such that transcription must proceed from the LTR
through sequences 5' to the cellular gene before encounter-
ing the coding region of the cellular gene. In the IAP-
mediated activation of the HOX-2.4 gene in WEHI-3B, it is
assumed that a small sequence of nonintronic RNA has been
spliced out of the IAP/HOX-2.4 transcript, based on the
observation that the genomic sequence (4) differs signifi-
cantly from the cDNA sequence (22). This splicing event,
however, appears to be mediated by cryptic splice donor and
acceptor sites lying between the site of IAP insertion and the
HOX-2.4 coding region, that is, sites not related to the
inserted IAP proviral sequence itself.

In this study, we have characterized the independent,
pathological rearrangements of cytokine genes (GM-CSF
and IL-3) by IAP proviral insertions, which have resulted in
activations of those cytokine genes and autocrine growth
behaviors by those cells bearing the gene activations. Func-
tional IL-3 and GM-CSF mRNAs have been generated by
subjugating the splice donor apparatus of the IAP sequence,
resulting in IAP gag-to-IL-3 or -GM-CSF splicing events.
The larger size of the smaller abnormal IL-3 mRNA species
(about 1.3 kb) in the class II clone WEHI-274.14 relative to
that of the T-cell-derived message (about 1.1 kb) is close to
the predicted size increase from the addition of the IAP-
encoded LTR and gag sequences (Fig. 1A and 6A). Simi-
larly, the larger size of the smaller abnormal GM-CSF
mRNA species (about 1.5 kb) in the class II clone WEHI-
274.28 relative to that of the T-cell-derived message (about
1.3 kb) is close to the predicted size increase from the
addition of the IAP-encoded LTR and gag sequences (Fig.
1B and 5A).
The large 8-kb IL-3 mRNA species observed on Northern

analysis of WEHI-274.14 (class I) mRNAs (Fig. 1A) is
consistent in size with a transcript initiating in the 5' LTR of
the IAP inserted 5' to the IL-3 gene, but unspliced save the
removal of IL-3 intronic sequences. This prediction is in
agreement with the earlier finding that this large 8-kb IL-3
mRNA hybridizes with a probe prepared from the region
now demonstrated to lie between the insertion of the IAP
provirus and the transcription initiation site of the germ line
IL-3 gene (27). Similarly, the large 10-kb GM-CSF mRNA
species observed on Northern analysis of WEHI-274.28
(class II) mRNAs (Fig. IB) probably represents the analo-
gous primary IAP-to-GM-CSF read-through transcript. On
Northern analysis of IL-3 mRNAs from WEHI-274.14 (Fig.
1A), in addition to the fully spliced 1.3-kb transcript and the
8-kb partially spliced read-through transcript, a 4.5-kb spe-
cies is evident. The size of this 4.5-kb transcript is consistent
with it representing a spliced product of the 8-kb transcript
truncated by the gag-to-env splicing event demonstrated in
this study for mRNAs from germ line IAP proviral se-
quences (Fig. 4). We are currently exploring this possibility.
A similar phenomenon of transcriptional read-through

from an inserted proviral sequence into a 3' gene has been
described in the case of a B2m gene rearranged by the
insertion of an Abelson murine leukemia proviral sequence
into intron 1 of that gene (16). In that study, Northern blot
analysis revealed a large mRNA species presumed to be the
unspliced (or partially spliced) read-through transcript,
which gave rise to a smaller, spliced mRNA. Thus, while we
are not aware of any examples in the literature of splicing
events from IAP to cellular sequences in the generation of
functional cytokine or other mRNAs, certainly such a mech-
anism is not without precedent for retrovirus-mediated gene
activations (18, 38, 42, 47). Shen-Ong et al. (42) have
described spliced gag-onc transcripts derived from the in-
sertion of MoMLV proviral DNA 5' to the murine c-myb
gene. In this case, the splice donor is a cryptic consensus
present in the MoMLV gag region, splicing to a cryptic
splice acceptor in exon one of the c-myb gene and resulting
in a N-terminal deletion the c-myb protein. A similar splicing
mechanism was seen by Gonda et al. (18) in the WEHI-274
tumor studied in this work, in which a MoMLV provirus has
inserted into the second intron of the c-myb gene. While the
same gag-encoded cryptic splice donor used in the example
of Shen-Ong et al. is used in the WEHI-274 tumor, the splice
acceptor site is the physiological acceptor of exon 3 of the
c-myb gene in that example. Again, the resultant mRNA

MOL. CELL. BIOL.



GENERATION OF CYTOKINE mRNAs BY IAP SPLICING EVENTS 5569

encodes a protein truncated at its N terminus. In a further
example (47), analysis of transcripts of a c-Ki-ras gene,
rearranged by the 5' insertion of Friend proviral DNA, again
revealed a chimeric mRNA species processed by a splicing
event associated with the fortuitous creation of a cryptic
splice donor site at the junction between the proviral and
cellular DNA sequences. Analogous to the situation in the
current study, the splice acceptor site is a cryptic site lying
just 5' to exon one of the c-Ki-ras gene, giving rise to a
presumably normal translation product. However, save the
B2m gene rearrangement (16), in none of these examples are
chimeric mRNAs produced by subjugation of the normal
splice donor apparatus of the retrovirus as has been demon-
strated in the current study.
While functional cellular gene transcripts may arise from

RNA processing of primary transcripts with splicing from 5'
retrovirus to 3' cellular gene, the converse may occur when
a cellular gene has been activated by the insertional of a
retroviral enhancer 3' to the cellular gene (38). In such
situations, chimeric mRNAs can be demonstrated which
have been processed by a splicing event from a normal splice
donor of the activated cellular gene, to a splice acceptor in
the 3' retroviral sequence.
From this and earlier studies, it is evident that a significant

number of potentially transforming genetic lesions in murine
hematological malignancies are due to IAP transposition
with resultant pathological gene activations. While there is
little evidence for a role for endogenous transposable ele-
ments in human neoplasias, analysis of the molecular mech-
anisms of IAP-mediated murine gene activations will con-
tinue to provide insights into the myriad mechanisms
through which retroviruses contribute to pathology in spe-
cific mammalian and avian diseases.
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