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The Graffi murine leukemia virus is a nondefective ecotropic retrovirus that was originally reported to
induce myeloid leukemia in some strains of mice (A. Graffi, Ann. N.Y. Acad. Sci. 68:540-558, 1957). Using
provirus-flanking sequences as DNA probes, we identified a new common retroviral integration site called
Grisl (for Graffi integration site 1). Viral integrations in GrisI were detected in 13% of the tumors analyzed.
The GrisI locus was mapped to the distal region of mouse chromosome 6, 85 kb upstream of the cyclin D2 gene.
Such viral integration in Grisl causes overexpression of the normal 6.5-kb major transcript of cyclin D2 but
also induces the expression of a new, alternatively spliced 1.1-kb transcript from the cyclin D2 gene that
encodes a truncated cyclin D2 of 17 kDa. The expression of this 1.1-kb transcript is specific to tumors in which
Grisl is rearranged but is also detected at low levels in normal tissue.

Insertional mutagenesis is the mechanism by which nonde-
fective murine retroviruses can perturb normal hematopoiesis
and cause leukemia. The replication cycle of retroviruses re-
sults in the integration of the reverse-transcribed genome into
the host genomic DNA. When an integration occurs in the
vicinity of a cellular proto-oncogene, the strong regulatory
elements present in the long terminal repeat (LTR) of the
retrovirus can override the expression of that proto-oncogene,
a major step toward tumor formation. Therefore, the provi-
ruses present in the tumors can be used as molecular tags to
identify the altered genes. Over the years, the use of these
retroviruses has proven to be very successful in the identifica-
tion of many proto-oncogenes and tumor suppressor genes (for
reviews, see references 16 and 44).

The Graffi viral complex was first isolated from a cell-free
filtrate of Ehrlich sarcoma and induced almost exclusively my-
eloid leukemias when inoculated in newborns of some strains
of mice (10). Two infectious molecular clones (GV-1.2 and
GV-1.4) have been isolated from that viral complex and char-
acterized (30). These two molecular clones are very similar in
structure, except that clone GV-1.2 induces the disease with a
shorter latency period and shows a perfect 60-bp duplication in
the U3 enhancer region of the long terminal repeat (LTR)
(30). Newborn BALB/c and NFS mice inoculated with one of
the two molecular clones or with the parental mixture develop,
to different degrees, hepatosplenomegaly, thymic enlargement,
generalized lymphadenopathy, and anemia in the leukemic
stage. Therefore, the Graffi murine leukemia virus (MuLV)
was considered an excellent model to study the mechanisms of
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myeloid leukemia induction and progression and to identify
novel proto-oncogenes.

The exact mechanism by which the Graffi virus induces leu-
kemia is not well understood. However, activation of cellular
proto-oncogenes by insertional mutagenesis is a key step in the
leukemic process. We have previously reported activation of
the c-myc, Flil, Piml, and Spil/PU.1 genes by Graffi virus
integration in 20, 10, 3.3, and 3.3%, respectively, of the tumors
tested (6). In an attempt to identify new cellular proto-onco-
genes, we have cloned and characterized a novel viral integra-
tion site from a Graffi MuLV-induced tumor.

In this study, we report the identification and characteriza-
tion of GrisI (for Graffi integration site 1), a new common site
of integration in Graffi MuLV-induced tumors. Viral integra-
tions in Grisl were detected in 13% of the tumors analyzed.
The Grisl locus was mapped to the distal region of mouse
chromosome 6 and is located 85 kbp upstream of the cyclin D2
gene. The viral integration in Gris] increases the expression of
the 6.5-kb major transcript of the cyclin D2 gene and activates
the expression of a new, yet-uncharacterized alternative 1.1-kb
transcript from the same gene.

MATERIALS AND METHODS

Primary tumors. NFS/N and BALB/c mice were purchased from Frederick
Cancer Research Facility, Frederick, Md., and from Charles River Inc., St.
Constant, Quebec, Canada, respectively. Newborn mice (<48 h old) were inoc-
ulated intraperitoneally with approximately 10° PFU in 0.1 to 0.2 ml of filtered
viral supernatant. The inoculated mice were observed daily and sacrificed when
they showed signs of advanced disease, and the tumors were frozen immediately
on dry ice.

Genomic-DNA and -RNA analysis. High-molecular-weight genomic DNAs
were extracted from frozen normal and leukemic tissues by standard procedures
as described previously (31). For Southern analysis, 15 pg of genomic DNA from
tumors or control organs was digested with a suitable restriction endonuclease,
separated on a 0.7% agarose gel, and transferred to a nylon membrane (Osmon-
ics).

Total RNA was extracted from frozen normal and leukemic tissues with the
TRIzol reagent (Life Technologies) according to the instructions of the manu-
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facturer. For Northern analysis, 20 pg of total RNA was separated on a 1.2%
formaldehyde agarose gel as described previously (34) and transferred to a nylon
membrane (Osmonics).

All the blots were hybridized in 50% formamide-10% dextran sulfate-0.5%
sodium dodecyl sulfate (SDS)-1 M NaCl at 42°C with the appropriate probe.
Labeling of the probe (gel-purified fragments) was done by the random primer
extension method using oligohexamers (Pharmacia P-L Biochemicals, Montreal,
Canada). The membranes were washed in 2X SSC (1X SSC is 0.15 M NaCl-
0.015 M sodium citrate) for 30 min at 42°C and in 0.2X SSC-0.1% SDS for 30
min at 60°C.

Viral insertion site amplification. Amplification of the provirus-cellular DNA
junctions was performed by PCR (37). Tumor DNAs (100 ng) were subjected to
a first round of amplification using a biotinylated primer specific for the Graffi
U3 region of the LTR (5" AGGCGCAAGGTCGTTTCAGGTCTTTGGG 3')
and one of five partially degenerated primers (FP) described previously (36). The
amplified biotinylated fragments were isolated on streptavidin-coated magnetic
particles (Boehringer Mannheim). A second PCR was then performed on the
recovered biotinylated amplicon using a nested Graffi virus-specific primer (5’
ATGGGTCTCTTGAAACTGCTGAGGG 3') and a primer corresponding to
the nondegenerated portion of the FP primer used in the first PCR (5" CAGT
TCAAGCTTGTCCAGGAATTC 3'). For tumors 6 and 8, viral integrations in
the region between GrisI and Ccnd2 were analyzed by PCR using a series of 10
primers specific for the genomic region between GrisI and Ccnd2 (one primer
every 10 kbp) in combination with one of the two primers specific for the Graffi
LTR. The primers specific for the Graffi LTR were Graffi 254-229 (5" GGGGC
AACCTGGAAACATCTGATGGG 3') and Graffi 10-34 (5" CCCCACCATAA
GGCTTAGCAAGCTAG 3'). The genomic specific primers were designed
according to the sequence obtained at the Ensembl mouse genome server
(http://www.ensembl.org/Mus_musculus/) for the chromosome 6 region 128.05 to
128.15 Mb. The primers were as follows: GRISIF, 5" GTCTCTTTTGTTGCTT
TGAGGGGC 3'; GRIS2F, 5 GAGAAGGTGAATGGTTTTTATGCCC 3';
GRIS3F, 5" CAGAGTTAGAACCTGGGTGTGTGC 3'; GRIS4F, 5" CTGAC
AAGCCGCCCTAGGTG 3'; GRISSF, 5" GTCCATTTTCCAGGCAGGACT
GAG 3'; GRIS6F, 5" CTGAGCCCTCCATATCAGTCATCA 3'; GRISTF, 5’
TTGATTTTTGCCTGCTTGTCCTCAC 3'; GRISSF, 5" TCTTCCACTTCC
TGGTTTGGTATC 3'; GRISIF, 5 CAGGAGTAACGGGAGAGAGCTA
3’; and GRISIOF, 5" TGCGTTAAGAGGACTGAGACCC 3.

Genetic mapping. Gris] was mapped by Southern blot analysis of two sets of
genetic crosses: (NFS/N or C58/J X Mus mus musculus)F; X M. m. musculus (20)
and (NFS/N X Mus spretus) X M. spretus or C58/J (1). Progeny of these crosses
have been typed for over 1,200 markers distributed over all 19 autosomes and the
X chromosome. Linkage distances were determined from the number of recom-
binants, and loci were ordered by minimizing the number of recombinations.

Genomic-clone isolation. BAC genomic clones containing the Gris! locus were
isolated by screening the RPCI-129S6 segment 2 mouse BAC library (BACPAC
resources; CHORI, Oakland, Calif.) with GrisI probe B.

Shotgun sequencing. The shotgun library was constructed as described previ-
ously (43). Briefly, BAC DNA was prepared by large-scale alkaline lysis with the
Large Construct kit (Qiagen). DNA (20 pg) was sonicated in mung bean nucle-
ase repair buffer (30 mM sodium acetate, 50 mM NaCl, 1 mM ZnCl,, 5%
glycerol). Fragment ends were repaired at 30°C for 30 min with 40 U of mung
bean nuclease (Amersham-Pharmacia Biotech). Samples were electrophoresed
on a 1% agarose gel, and 800- to 1,200-bp fragments were gel purified and ligated
into the EcoRV cloning site of pBlueScript IT KS(+) (Stratagene). The ligation
products were transformed into chemically competent Dh5a cells. For sequenc-
ing, plasmid DNA clones were prepared by small-scale alkaline lysis with the
Miniprep kit from Qiagen. The sequencing reactions were performed with the
Big-Dye Terminator Cycle Sequencing kit version 2.0 (Applied Biosystems, Fos-
ter City, Calif.). The sequencing reactions were run on a model 3700 DNA
analyzer (Applied Biosystems).

RACE. 5’ and 3’ rapid amplification of cDNA ends (RACE) experiments were
performed using the GeneRacer kit (Invitrogen). The RACE-ready cDNA pool
was obtained using the GeneRacer oligo(dT) primer on tumor F6 total RNA.
The amplification of the 5’ end of expressed sequence tag (EST) AW060277 was
accomplished using the GeneRacer 5’ primer and the EST-specific primer 5’
GTCTTGGTTAGTGTGGCGGCCTTA 3'. The GeneRacer 3’ primer and the
EST-specific primer 5" TCACACTAAGGCCGCCACACACTAA 3’ were used
to obtain the 3" end.

Cell culture conditions, plasmid construction, and transfections. NIH 3T3
cells were maintained in Dulbecco’s modified Eagle’s medium (Life Technolo-
gies) supplemented with 10% calf serum (Life Technologies). The pCMV-D2trc
construct was made by cloning the complete coding sequence of the truncated
cyclin D2 obtained by PCR with the following primers: 5" TTTCACCCTCTAG
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AATTTCCATG 3’ and 5 AGGAGGTAAGGGAAGCTTTCC 3'. The frag-
ment was cloned in the HindIII-Xbal site of the pRcCMV vector (Invitrogen).
Transfections were made with Polyfect (Qiagen) according to the manufacturer’s
instructions.

Antibody preparation, protein extraction, and Western blotting. Polyclonal
antibodies against the entire truncated cyclin D2 protein and also against the last
20 amino acids from the C-terminal end were generated. Briefly, the correspond-
ing cDNA sequences were PCR amplified and cloned in frame with the gluta-
thione S-tranferase protein into the pGEX-4T-1 vector (Amersham Bio-
sciences). After induction, the bacterial extracts were passed on a glutathione-
Sepharose 4B column (Amersham Biosciences), and the purified proteins were
injected subcutaneously into New Zealand White rabbits. Serum was collected
following clot retraction and stored at —70°C. NIH 3T3 fibroblasts transfected
with the pCMV-D2trc plasmid were washed twice with ice-cold PBS and lysed in
RIPA buffer (0.15 M NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
0.05 M Tris-HCI [pH 8]) and complete protease inhibitor cocktail (Roche Ap-
plied Science) for 30 min at 4°C. Protein extracts from tumors and tissues were
prepared in SDS-urea buffer (0.5% SDS, 8 M urea). The protein concentrations
in the different extracts were measured using the Bio-Rad protein assay. Equal
amounts of lysate proteins (30 to 80 wg) were diluted in 2X sample buffer (30%
glycerol, 4% SDS, 160 mM Tris-HCI [pH 6.8], 10% B-mercaptoethanol, and
0.02% bromophenol blue) and boiled for 3 min. The proteins were separated on
12% SDS-polyacrylamide gel electrophoresis and electrophoretically transferred
to Immobilon-P polyvinylidene difluoride membranes (Millipore). The mem-
branes were blocked in PBS containing 0.2% Tween 20 and 4% skim milk
powder (PBS-Tween-milk) for 1 h at room temperature. Incubation with the
purified anti-truncated cyclin D2 peptide antibody (1:100 dilution in PBS-Tween-
milk) or the anti-truncated cyclin D2 serum (1:5,000 dilution in PBS-Tween-
milk) was performed for 1 h at room temperature. After incubation, the blots
were washed in PBS containing 0.2% Tween 20 (PBS-Tween) and incubated for
1 h with an anti-rabbit immunoglobulin G peroxidase conjugate (1:5,000 in
PBS-Tween-milk) (BD Pharmingen). The immune complexes were revealed
using the ECL Plus chemiluminescence reagents (Amersham Biosciences).

RESULTS

Identification of Grisl, a common site of integration in
Graffi MuLV-induced tumors. To identify new proto-onco-
genes activated in Graffi MuLV-induced tumors, a PCR ap-
proach described by Sorensen and colleagues (37) was applied
to obtain the cellular DNA flanking the 5’ end of the Graffi
proviruses from tumor 12. A unique genomic PCR probe of
~400 bp was generated from that tumor and used to screen a
panel of 30 other tumor DNAs. On Southern blots, this probe
(probe A [Fig. 1B]) could detect the rearranged allele in tumor
12 DNA and also in one other tumor (tumor 4) (Fig. 1A). The
lower intensity of the rearranged allele compared with the
normal allele in tumor 4 suggests that the viral integration at
this site for that tumor is partially clonal. The two proviruses in
that locus are both in the same orientation and are located 1
kbp apart from each other. Two out of 30 tumors tested con-
tained a proviral integration in this novel locus that we have
called GrisI.

The Grisl probe A obtained by PCR was used to screen a
genomic lambda phage library from mouse 129/Sv to obtain
clones representing the germ line GrisI locus. One 8-kb clone
was recovered and used to construct a restriction map of the
locus and to derive a longer unique probe (probe B) that was
used subsequently for genetic mapping (Fig. 1B).

Genetic mapping of Grisl. To determine the genetic-map
location of Grisl, we examined the inheritance of this marker
in two sets of genetic crosses. In the first set of crosses, South-
ern blot analysis identified 6.8-kb EcoRI fragments in M. m.
musculus and 5.2-kb fragments in NFS/N mice. In the second
set of crosses, Sacll digestion produced 3.0-kb fragments in M.
spretus and 1.2-kb fragments in NFS/N mice. The patterns of
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FIG. 1. Southern blot analysis of Graffi MuLV-induced leukemias.
(A) Normal spleen and tumor DNAs digested with BamHI and hy-
bridized with probe A. (B) Restriction map of the GrisI locus. The
positions and orientations of the proviruses are indicated by arrows.
The probes used to detect rearrangements and for genetic mapping are
shown as solid boxes (A and B, respectively). Probe A was obtained by
PCR, and probe B was derived from the genomic DNA lambda clone.
Abbreviations for restriction endonucleases: E, EcoRI; B, BamHI; R,
EcoRV; S, Sacl; P, Pstl; X, Xbal. The Xbal fragment is 13 kbp in
length.

inheritance of the variant fragments in the two sets of crosses
were compared with those of the 1,200 markers previously
typed and mapped. Linkage was observed with markers on
distal chromosome 6. The gene order and recombinational
distances are as follows: Rafl (3.0 = 1.1)-Tnfrl Ltbr (0.4 =
0.4)-Scnnla (0.8 £ 0.8)-Grisl Ccnd2 (5.2 = 1.5)-Kras2.
Identification of genes activated by viral integration in
Grisl. In order to identify potential candidate genes either
activated or inactivated by the viral integration in Grisl, we
first screened the 8-kb GrisI genomic lambda clone for ex-
pressed sequences. However, no transcriptional unit could be
detected by Northern blot analysis (data not shown). It is well
known that gene activation by viral integration can occur over
large distances (12, 21, 35). Therefore, we looked for candidate
genes in a region of about 200 kbp surrounding the Gris!
insertion site. A 210-kbp contig of the GrisI region was ob-
tained by screening a mouse 129/Sv genomic BAC library. Two
overlapping BAC clones were recovered and used to create a
restriction map of the region (Fig. 2). The longest clone recov-
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FIG. 2. Predicted physical map of the Gris! genomic region. BAC

clones recovered with the Gris! probe were used for restriction map-

ping. The positions of the two genes found by random sequencing are

indicated by inverted triangles above the map. Each gene was posi-

tioned on the map by hybridization to blots of Miul-, Clal-, and Pvul-

digested BAC clones. The small arrows above the map indicate the

positions and orientations of the viral integrations for tumors 6 and 8

and tumors 4 and 12. The Gris! probe used is shown and is not drawn
to scale.

ered was used in sample shotgun sequencing designed to ob-
tain a 2.5-fold sequence redundancy of the 200-kbp region of
Grisl. Each sequence was then analyzed individually against
the NR, dbEST, and HTGS nucleotide databases using the
BLAST algorithm. We found sequence homology in the data-
bases with two known genes and with several ESTs unrelated
to known genes. The two known genes were those for triose
phosphate isomerase (7pi) and cyclin D2 (Ccnd2). The posi-
tions of the two genes relative to GrisI were determined by
restriction mapping (Fig. 2). The Tpi gene was positioned ap-
proximately 30 kb upstream of Grisl, whereas the Ccnd2 gene
was positioned about 85 kbp downstream (Fig. 2). To deter-
mine if expression of the Tpi and Ccnd2 genes was altered by
the viral integrations in Grisl, genomic fragments that pre-
sented homologies with either 7pi or Ccnd2 were used in
Northern blot analysis. Even though we positioned the Gris!
locus only 30 kbp from 7pi, no alterations in the expression
profile of the 1.5-kb transcript of that gene could be detected
in the tumors with viral integration in Gris] compared with
other Graffi tumors and control organs (data not shown). How-
ever, when the cyclin D2 expression was verified, the two tu-
mors in which Grisl is rearranged (tumors 4 and 12) showed
the normal cyclin D2 message at the expected size of 6.5 kb,
but surprisingly, the two tumors presented an additional in-
tense 1.1-kb band (Fig. 3A). This new cyclin D2-specific band
is absent in the tumors in which Gris] is not rearranged (tu-
mors 7, 10, and 11). Tumors 6 and 8 also presented an intense
1.1-kb band, even though we could not detect a DNA rear-
rangement in the Gris locus with probes A and B. Since the
integration site is located about 85 kbp away from the cyclin
D2 gene, we speculated that tumors 6 and 8 most probably
harbored a viral integration somewhere between Grisl and the
cyclin D2 gene, outside the limit of probe A and B detection.
To determine if a viral integration had occurred in the GrisI
locus in these two tumors, we PCR amplified tumors 6 and 8
with different pairs of primers, one specific for the Graffi
MuLV U3 LTR and the other derived from every 10 kbp
between the cyclin D2 gene and the Gris locus. This process
was also performed with U3 and genomic primer pairs corre-
sponding to the other retroviral orientation. The PCR prod-
ucts were hybridized with a U3 LTR-specific probe. As ex-
pected, we could detect a unique U3-specific fragment for each
tumor with only one combination of primers (results not
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FIG. 3. Northern blot analysis showing expression of the 6.5- and 1.1-kb transcripts of cyclin D2. Ten micrograms of RNA extracted from
different Graffi MuLV-induced tumors (A) or from normal tissues (B) as indicated above the lanes was transferred to nylon membranes and
hybridized with a cyclin D2 cDNA probe to reveal the 6.5-kb transcript and a genomic fragment derived from the cyclin D2 intron 2 to reveal the
1.1-kb transcript. Note that the cyclin D2 cDNA probe also reveals the 1.1-kb transcript. Size markers are indicated to the left of the panels. The
same blots were also hybridized with a B-actin probe. (A) Tumors 7, 10, and 11 were obtained from BALB/c mice, and tumors 4, 6, 8, and 12 were
obtained from NFS/N mice. Tumors 7, 8 and 12 were generated by the parental Graffi virus, and tumors 4, 6, 10, and 11 were generated by the

GV-1.2 variant. The latency varied between 3 and 4 months.

shown), confirming the presence of a provirus in the Gris/
locus in tumors 6 and 8 at 4 and 5.5 kbp, respectively, upstream
of the Xbal site which was the 5’ limit of detection in the first
analysis. The presence of provirus in the Gris! locus in tumors
6 and 8 was also documented by Southern blot analysis using
three different derived genomic probes (results not shown). As
determined by PCR, the proviruses from tumors 6 and 8§ were
in the same orientation as those in tumors 4 and 12. Therefore,
4 tumors out of 30 (13%) presented a Graffi MuLV integration

in the Grisl locus and expressed a new 1.1-kb cyclin D2-specific
mRNA.

The database searches also identified sequence similarity in
the 200-kb region around the viral integrations with several
mouse and human ESTs that presented no homology with any
known genes (Table 1). Only one EST among those listed in
Table 1 was found by Northern blot analysis to be modulated
in the tumors in which Gris/ is rearranged compared with
tumors in which Gris! is not rearranged. Interestingly, this EST
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TABLE 1. Human and mouse ESTs identified by BLAST searches

EST* Gene name or homology
AWS13396 ... None
BB028209... .None
AV3000064 ... None
AIB53374 ..o None
BB272521... .None
AI523988 ... .None
AWOO0277 .o Cyclin D2 exon 2 and intron 2

“ GenBank accession number.

showed sequence homology with the 3’ end of Ccnd2 (exon 2
and intron 2 of the gene). A specific probe derived from the
intron 2 region revealed a 1.1-kb transcript strongly overex-
pressed in one of three tumors in which Gris! is rearranged
(tumors 6, 8, and 12) (Fig. 3A) compared to tumors in which
Grisl is not rearranged, which do not express the 1.1-kb mes-
sage. The lower level of expression detected in tumor 4 is due
to the fact that this tumor shows a nonequimolar DNA rear-
rangement for Gris! (Fig. 1A). The tumors in which Gris! is
rearranged (except tumor 4) also show high levels of the nor-
mal 6.5-kb cyclin D2 transcript. The 1.1-kb transcript corre-
sponding to EST AW060277 was also detected at much lower
levels in normal tissues (Fig. 3B). The highest expression was
seen in tissues from the brain, the ovaries, 15-day-old embryo
brain, and 15 day-old whole embryos (Fig. 3B).

The 1-kb transcript of EST AW060277 encodes a truncated
cyclin D2. A 1,023-bp cDNA clone representing the full-length
EST AW060277 cDNA was obtained by performing 5" and 3’
RACE on mRNA extracted from the tumor (Fig. 4). Analysis
of the sequences of the RACE products revealed that this
1.1-kbp ¢cDNA s in fact an alternative transcript of the cyclin
D2 gene. It contains the sequence of cyclin D2 exon 1 spliced
to a longer exon 2 (exon 2+) resulting from the utilization of
an alternative splice donor site located in the intron region of
the gene (Fig. 4A). The transcript contains an alternative 3’
exon which harbors a new consensus poly(A) signal (AATA
AA) (Fig. 4B). The open reading frame of this cDNA predicts
a 156-amino-acid protein representing a cyclin D2 with a trun-
cated cyclin box. The use of an alternative splice site for exon
2 results in the addition of 20 novel amino acids to the first 136
amino acids of cyclin D2 and the premature termination of the
protein due to the presence of a TAA stop codon just after
residue 156 (Fig. 4B). The truncated cyclin D2 includes the
LXCXE motif known to be implicated in binding to pRb and
other pocket proteins (7, 8) and the highly conserved cyclin box
lacking the last 23 amino acids (Fig. 5). Interestingly, sequence
comparison between the full-length and the truncated cyclin
D2 proteins showed sequence conservation of residues 1143,
L146, P155, and H156 in the region where the two proteins
diverge at the C-terminal end of the cyclin box (Fig. 5).

To verify if the truncated protein was present in normal and
tumor tissues, specific antibodies were raised against the entire
truncated protein and also against the last 20 amino acids from
the C-terminal end. These specific antibodies were used to
analyze protein extracts from tumors in which GrisI is rear-
ranged (Fig. 6). The truncated cyclin D2 protein is clearly
detected at the expected mass of 17 kDa by the polyclonal
serum raised against the 20-amino-acid sequence specific for
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A Cyclin D2:
Ex1 Ex2 Ex 3 Ex 4 Ex 5

1.1 kb alternative transcript:

Ex1 Ex 2+ Ex3’
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B 1 CE"TSE(EAGGGAAGGACCGGTGCGAGTCAGGCGGCCCTTGAGGCTCCGCTCGCCCACCTTC
61 CACTCTTCTCTCTCTCTCTCCCTCTCTCTCTTTGCCATTTCTTTCCTCTCCCAAATCTCC
121 CATTCAGCCARAGGAAGGAGGTAAGGGAAGCACTCCCCGACCCCCCCGCACCTCCARARA
181 ATAATAATAATAAAAARAATTTACAGTCGGGACCGAGTGGTGGCCGECTGGCTATGGAGC

M E L
241 TGCTGTGCTGCGAGGTGGACCCGGTCCGCAGGGCCGCGCCGGACCGCARCCTGCTGGARG
L ¢ CEV D?PV RRAAUPDI RINTILTILTE D
301 ACCGCGTTCTGCAGAACCTGTTGACCATCGAGGAGCGCTACCTCCCGCAGTGTTCCTATT
R VL QN L L ? I EER Y L P Qg C S Y F
361 TCAAGTGCGTGCAGRAGGACATCCAACCGTACATGCGCAGGATGGTGGCCACCTGGATGT
K CV Q KD I Q P Y MR RMV AT WML
421 TAGAGG?XC;JrGTGAGGAACAAAAGTGTGAAGAAGAGGTCTTTCCTCTGGCCATGAATTACC
E v ¢ EE Q K CEEZEV F P L AMNY L
481 TGGACCGTTTCTTGGCTGGAGTCCCGACTCCTARGACCCATCTTCAGCTCCTGGGTGCAG
b RF L AGV PTPKTHTIL QL L G AV
541 TGTGCATGTTCCTAGCTTCCAAGCTGAAAGAGACCATCCCGCTGACTGCGGAARAGCTGT
¢ ™M F L A S KL KET1I PLTAEIZ KTLTC
601 GCATTTACACCGACAACTCTGTGAAGCCCCAGGAGCTGCT(¥TAATGCCGCCCTCCCTGC
I Y T DUXN S V K P QEL L VM PP S L L
661 TCCTGACTCTGCCCTTCCCCATCACACTAAGGCCGCCACACTARCCAAGACTGTARGARA
L T L P F P I T L R P P H *
721 AAAAAAAAAGATGTCCTTTAGTAGGAGAGAGCTAGTCTTCCCACATCAGGGAGTGAGCAEE;( 3
781 AGCTATCAGTGCCTCATGGARATTCATGAGGGTGARATTCTGTTGTGTGTGTGGGTGGGE
841 GGGGGECATAAATAGAATATTCTAGTTAARTGATGTTATAATTAATGTCCAGATTTCCACT
901 GAACCCTGAGAACACGGTCTGATTTCTCACATTCTAGT TTGTGTTGTTTCCCAAGACCCT
961 GGAGGTGTAACAGGTAATGTCTTAAAGACC TGGCATGGACARACTTAARARAA
1021 AARRARARRA

FIG. 4. Schematic representation of the normal and alternatively
spliced cyclin D2 cDNAs. (A) The solid boxes represent the five exons
(Ex 1 to -5) of the normal cyclin D2 gene. In the alternatively spliced
1.1-kb transcript, exons 1 and 2 are the same as those of the normal
cyclin D2, and the hatched box represents the readtrough region which
constitutes exon 2-+. The stippled box represents the alternative exon
3'. (B) Nucleotide sequence of the 1.1-kb cDNA and the deduced
amino acid sequence. The start points of the three exons are indicated
by arrows. The arrowhead above the sequence indicates the end of the
6.5-kb transcript exon 2. The polyadenylation consensus signal is
boxed.

this protein. Protein extracts from brain and ovary tissues,
which were the major producers of the 1.1-kb transcript (Fig.
3B), were also analyzed and revealed the presence of the
truncated protein as well. A control, protein extracts from NIH
3T3 fibroblasts transfected with pCMV-D2trc, an expression
vector containing the cDNA encoding the truncated protein,
also contained detectable amounts of the truncated protein
(Fig. 6). Similar results were also obtained with the polyclonal
serum raised against the complete truncated cyclin D2 protein
(data not shown). This serum also detected the cyclin D2
protein at 34 kDa (data not shown).

Sequence analysis of the human cyclin D2 genomic locus
and analysis of EST data bases revealed a number of human
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Trc ME LLCCEVDPVRRAVPDRNLLEDRVLONLLTIEERYLPQCSYFKCVQKD IQPYMRRMVA TN
D2 MELLCCEVDPVRRAVPDRNLLEDRVLONLLTIEERYLPQCSYFKCVOKD IQPYMRRMVATHY
trc [LEVCEEQKCEEEVFPLAMNYLDRFLAGVPTPKTHLQLLGAVCMFLASKLKETIPLTAE 44}
D2 [LEVCEEQKCEEEVFPLAMNYLDRFLAGVPTPKTHLQLLGAVCMFLASKLKE T I PLTAE e A¢]
Trec KLCIYTDNSVKPQELL) PPssELT PFPITLRPIZ-——————————————————————— 156
D2 RS S AL NAFEWE LV VIEGKISKWNLAAVT FIEHILRKLPQOKEKLSLIRKHA 180

P o e e e e e e e e

D2 QTFIALCATDFKFAMYPPSMIATGSVGAATCGLQODDEVNTLTCDALTELLAKITHTDVD 240
Tre —=m oo

D2 CLKACQEQIEALLLNSLOQFRQEQHNAGSKSVEDPDQATTPTDVRDVDL 289

FIG. 5. Comparison of the amino acid sequences of the truncated (Trc) and the full-length (D2) cyclin D2. The first 136 residues are identical
and encoded by the same sequences. The end of the cyclin box is indicated by an arrow. The solid boxes indicate identical amino acids. The dashes

represent missing amino acids.

ESTs representing cDNA clones with a similar readthrough
transcript for exon 2. One of these human ESTs was obtained
(IMAGE-:1703052) and sequenced. The open reading frame
found on this human cDNA predicts, as for the mouse, an
isoform of cyclin D2 with a truncated cyclin box (Fig. 7).
Others have reported the isolation of a Xenopus laevis cyclin
D2 cDNA that is predicted to encode a similar truncated cyclin
D2 (38) (Fig. 7). However, these authors did not elucidate the
possible role of such a transcript, and no further studies of this
putative truncated cyclin D2 have been reported. Taken to-
gether, these results show that alternative transcripts encoding
a cyclin D2 with a truncated cyclin box are conserved among
human, mouse, and Xenopus and suggest an important role for
this protein.

20 KDa —

FIG. 6. Detection of the expressed product of the mouse truncated
cyclin D2 in NIH 3T3 fibroblasts and the endogenous truncated cyclin
D2 protein. Western blot analysis of normal tissues and Graffi MuLV-
induced tumors is shown. Proteins were extracted from adult mouse
brain (lane 1); ovaries (lane 2); tumor F6, in which Gris! is rearranged
(lane 3); and NIH 3T3 fibroblasts transfected with pCMV-D2trc plas-
mid (lane 4). Proteins (30 to 80 wg) were loaded on SDS-12% poly-
acrylamide gel electrophoresis gels and electrophoretically transferred
to polyvinylidene difluoride membranes, and immunodetection was
performed with the antibody raised against the last 20 amino acids of
the truncated cyclin D2 protein.

DISCUSSION

In this study, proviral tagging was used as a strategy to
identify new proto-oncogenes in a model of leukemia induced
by the Graffi MuLV. We have identified a new locus, Grisl,
which appears to be important in the development of leuke-
mias, since it is rearranged in 4 of 30 tumors. Our results
demonstrate that retroviral integrations in Gris/ have the abil-
ity to deregulate the expression of the cyclin D2 gene located
85 kbp downstream. Indeed, retroviral integration in Grisl
leads to increased expression of two transcripts of the cyclin D2
gene: the already-characterized 6.5-kb transcript encoding the
known 289-amino-acid full-length protein (19) and a 1.1-kb
transcript derived from alternative splicing which encodes a
156-amino-acid isoform of the cyclin D2 protein. Deregulated
expression of the cyclin D2 gene has also been reported in
T-cell leukemias induced by the BL/VL3 radiation leukemia
virus (11, 41). In that case, two tumors were reported to be
rearranged, but the BL/VL3 MuLV integrations were located
in the 5’ noncoding region of the first cyclin D2 exon and in the
same orientation as the gene. This resulted in the overexpres-

‘PDRNLLRVLQNLLTIEERYLPQCSYFKCVQKD
@ PDEINL LD DRVLENLLTEERYLPQCSY FKCVQKD)
D RNLLEDDRVLONLLTIEERYLPOCSY FKCVOKD

Mouse
Xenopus MnhReeICE
Human IME LLClz[EVDPVRRA

Mouse IQPYMRRMVATWMLEVCEEQKCEEEVFPLAMNY LDRFLAGVPTPKEKHTL.QT|
Hanan HLQL
Human IQPYMRRMVATWMLIVCEEQKCEEEVFPLAMNY LDRFLAGVPTPKEHLQL)
Mouse LGAVCMFLASKLKE TIPLTAEKLCIYTDNSGKPQOELL IP—ESELLT
PGSl T .CAVCMFLASKLKE TIPLTAEKLCIYTDNS IKPQE LLVERESI MRy L4
Human LGAVCMFLASKLKE TEPLTAEKLCIYTDNSIKPQELL ITGEEEPS

Mouse IT--———-—-—- - - e
Xenopus —i#A——-—~= S
Human SPGQOYAFYHHCQSKFLGSRMTPPIEFTHLWATAHLIGNHCLFFVCSY
Mouse ——=- 'PPH*
Xenopus -——-- T*
Human YVP Qﬁ*

FIG. 7. Comparison of the predicted amino acid sequences of the
truncated cyclin D2 from mouse, Xenopus (accession no. Y10075), and
human (IMAGE:1703052). The homology is indicated by solid boxes.
Note that all three forms originate from a readtrough at the end of
normal exon 2. The alignment was performed with CLUSTAL W (40).
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sion of the major 6.5-kb transcript. Interestingly, an abundant
1.1-kb band was also detected but not further characterized
(41). We analyzed this transcript present in the BL/VL3-in-
duced tumor 133-1 and found that it had the same mobility as
the transcripts in tumors in which Gris is rearranged. More
importantly, the transcript from tumor 133-1 hybridized
strongly with the cyclin D2 intron 2 probe (result not shown).
Therefore, retroviral integrations in the 5’ region of the cyclin
D2 gene seem to induce the expression of an alternatively
spliced transcript and a truncated protein as well. In our case,
the Graffi proviruses are located approximately 85 kbp up-
stream of the cyclin D2 gene, suggesting activation through an
enhancer insertion mechanism (29, 42). Enhanced expression
of this gene by retroviral insertion also seems to alter its splic-
ing regulation by a mechanism not yet investigated. Shorter
transcripts (2.9 and 1.3 kb) of the cyclin D2 gene have also
been reported in murine erythroleukemia cells (19) and in
various human tumor cell lines (15, 24), indicating that the
splicing regulation of this gene could be very complex. It is
known that cyclin D2 act as a potent proto-oncogene, as it can
transform primary rat embryo fibroblasts when overexpressed
in conjunction with activated Ha-Ras (17). In addition, over-
expression of cyclin D2 is often seen in various human malig-
nancies, such as T-cell lymphoma, testicular carcinoma, and
ovarian tumors (2, 33, 39). The data presented here show that
the 1.1-kb transcript overexpressed in the Graffi tumors en-
codes a C-terminally truncated cyclin D2 protein. The tran-
script is unlikely to be an aberrant, nontranslated message,
since the truncated protein at the expected mass of 17 kDa is
clearly detectable in tumors in which GrisI is rearranged and in
normal tissues that express the 1.1-kb transcript. Thus, it is
conceivable that this new isoform may also act as a proto-
oncogene alone or in collaboration with the full-length isoform
or with other oncogenes.

D-type cyclin expression is induced by mitogens during the
transition of the G;-to-S phase of the cell cycle (24, 25, 32).
These induced D-type cyclins form complexes with cyclin-de-
pendent kinases (Cdk-4 and Cdk-6) via the highly conserved
cyclin box (3, 23, 27). The recognized function of the cyclin
D-Cdk4/6 complex is to phosphorylate pRb, and recent evi-
dence suggests a role for the complex both in the regulation of
the G,-to-G, phase transition and in the regulation of cellular
growth in cell cycle progression (5, 9, 26). The new isoform of
cyclin D2 identified here is a C-terminally truncated protein
that lacks 133 amino acids of the long isoform, including the
last 23 amino acids from the cyclin box, but carries a new
stretch of 20 amino acids. We do not know yet if this truncated
cyclin D2 still retains its capacity to bind the Cdks. However,
the short isoform presents sequence conservation with the long
isoform in this region of 20 residues at residues 1143, 1146,
P155, and H156, just at the end of the cyclin box, suggesting
that these residues could have an important functional role,
perhaps in the formation of a complex with the Cdks or with
other interaction partners. Recent evidence points to Cdk-
independent activation of D-type cyclins. Indeed, it was shown
that cyclin D2 interacts with DMP1, a protein with Myb-like
repeats, via its carboxyl-terminal half (residues 142 to 253) and
that no ternary cyclin D/Cdk/DMP1 complexes could be de-
tected (13). Most likely the short isoform cannot interact with
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DMP1, since it does not harbor the region important for bind-
ing.

As shown by our Northern blot analysis, the 6.5-kb transcript
of the cyclin D2 gene is expressed at higher levels in virus-
induced tumors, not only in those in which Gris! is rearranged,
and in a variety of nontransformed tissues. The more restricted
pattern of expression of the 1.1-kb transcript indicates that the
truncated cyclin could play a role in the development of spe-
cific tissues like the brain and ovaries, where it is most often
expressed. Interestingly, mice bearing a disrupted cyclin D2
gene (with both the 6.5- and 1.1-kb transcripts disrupted)
showed defects only in the proliferation of ovarian granulosa
cells and granule and stellate interneurons of the cerebellum
(33, 14). Since these tissues contain high levels of the 1.1-kb
transcript, it is tempting to speculate that the truncated cyclin
D2 could also have a role in these cell types.

Other members of the cyclin family have been shown to have
alternatively spliced transcripts predicting truncated proteins.
Such transcripts have been reported for cyclin E in tumor cells
only (18, 28) and for cyclin D1 in a variety of normal and tumor
cell lines (4). However, the alternatively spliced transcripts
described for cyclin D1 were not similar to those found for
cyclin D2, as they encoded a protein truncated in a very small
portion of the C-terminal end. In addition, an alternatively
spliced transcript coding for a shorter isoform of cyclin C with
a truncated cyclin box was also reported (22). These findings
indicate that shorter cyclin isoforms might play important roles
in cell regulation, at least in some specific tissues. The func-
tional relevance of a truncated cyclin D2 is supported by the
presence of alternatively spliced messages coding for truncated
cyclin D2 in EST databases for humans and characterized by
Taieb and Jessus (38) in X. laevis.

We do not know the functional role of this truncated isoform
of cyclin D2 in normal cells, but we are investigating its ex-
pression through the cell cycle and the specific interaction
partners of this novel protein.
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