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The murine retrovirus SL3-3 is a potent inducer of T-cell lymphomas when inoculated into susceptible
newborn mice. The proviral integration site sequences were surveyed in tumor DNAs by a simple two-step PCR
method. From 20 SL3-3-induced tumors a total of 39 provirus-host junctions were amplified and sequenced.
Seven showed homology to known sequences. These included the known common integration site c-myc as well
as genes not previously identified as targets of provirus integration, namely N-ras and the genes coding for
major histocompatibility complex class II E-f3, protein kinase C-v, and T-cell receptor 3-chain. Among these
genes, the integrations in c-myc as well as the one in N-ras were found to be clonal. One of the remaining 32
proviral integration site sequences that show no similarities to known sequences may represent a common
integration site, as 2 of the 20 tumors demonstrated clonal provirus insertion into this region.

Tumor induction by the nonacute transforming retroviruses
is a multistep process which has not yet been clearly defined.
However, several studies have provided evidence that retrovi-
ral insertional mutagenesis plays a central role in viral onco-
genesis (9, 24). The effects of provirus integration vary depend-
ing on the particular location of the insertion site relative to
the targeted gene; that is, integrated proviruses may affect the
neighboring genes in a variety of ways by promoter insertion,
enhancer insertion, and/or truncation of a normal cellular gene
9).

The normal approach when investigating the relationship of
retroviral integrations to disease development has been clon-
ing and hybridization to define a common viral integration site
(1-3, 9, 12). In this study, proviral flanking sequences have
been isolated by a relatively simple and fast PCR-based meth-
od (22). This approach should facilitate the identification of
common integration sites as well as genes more rarely affected
by an integrated provirus but that nevertheless could play a
role in tumor development. Besides, ongoing genome analyses
with the concomitant and quickly growing sequence databases
require strategies by which provirus integration sites can be
identified directly by sequence comparisons.

SL3-3 is a highly leukemogenic retrovirus which induces
malignant lymphomas in 100% of inoculated mice of several
strains, with latency periods of 2 to 5 months (6, 10, 17). From
20 tumors induced by SL3-3 in NMRI mice we have isolated a
total of 39 provirus integration site sequences. From each
tumor, one to five provirus-flanking cellular fragments were
amplified, and the sequences of these fragments were com-
pared with sequences in the GenBank and EMBL databases.
As the c-myc and pim-1 genes have been identified as integra-
tion sites in SL3-3-induced tumors, with c-myc being the one
most frequently affected (20 to 25% of the tumors showed
rearrangements in the c-myc gene) (7, 14), we expected to see
insertions into these genes. Six of 20 tumors indeed showed
rearrangements in the c-myc gene. However, we did not find
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any integrations into the pim-1 gene either by the PCR method
or by Southern blot hybridizations. Four provirus-flanking se-
quences showed homology to genes not previously identified as
provirus integration sites, including N-ras and the genes coding
for major histocompatibility complex (MHC) class I1I E-B8
(MHCII E-B), protein kinase C-ny (nPKC-m), and T-cell recep-
tor B-chain (TCR-B). The fact that the integration into N-ras
was found to be clonal suggests that it may have a role in the
development of this particular tumor. The integrations into
nPKC-n, TCR-B, and MHCII E-B were not clonal, so if they
play a role in tumorigenesis, their influence must be of a
secondary nature. Yet, for studies of retroviral integration tar-
gets in general, such nonclonal integration sites may be valu-
able.

The remaining flanking sequences showed no homology to
any known sequences. Still, as they all represent proviral inte-
gration sites, they should, like the nonclonal integrations into
known genes, be useful in studies considering provirus integra-
tion in general. Besides, some of the sequences may represent
unidentified proto-oncogene loci. One such candidate was dis-
covered when Southern blot hybridizations with a preintegra-
tion site probe revealed rearrangements in 2 of 20 tumors.

MATERIALS AND METHODS

PCRs, Dynabead-streptavidin purification, and sequencing of PCR fragments.
These procedures have been described previously (22).

Sequence comparison. Nucleotide sequences were compared with sequences
in the GenBank (release 92.0 [12.95]) and EMBL (release 45.0 [12.95]) databases
by using the Wisconsin Package EGCG (version 8.1-beta-0.2, November 1995)
fasta program with the parameter “word size: 6.”

Preparation of oligonucleotides. Oligonucleotides (DNA Technology ApS,
Aarhus, Denmark) were synthesized with an Applied Biosystems 381B DNA
synthesizer and purified with Oligo Purification Cartridges.

Tumors. Tumors originated from experiments described by Hallberg et al. (6).
Newborn NMRI mice were injected with SL3-3 virus. Control mice were mock
injected with complete medium.

Southern blotting and hybridization. DNA was extracted from frozen tumor
tissues. A 10-pg sample of each tumor DNA was digested with HindIII, and the
products were separated by electrophoresis on 0.8% agarose gels. The fragments
were then transferred to nylon membranes (Zeta-Probe; Bio-Rad) by alkaline
blotting. The membranes were incubated twice in prehybridization (hybridiza-
tion) buffer (1 mM EDTA, 0.5 M Na,HPO, [pH 7.2], 7% sodium dodecyl sulfate
[SDS]) at 65°C for 1 h. 3*P-labeled probe (10° to 3 X 10° cpm/ml; random primed
DNA labeling) (Boehringer Mannheim) was added to the hybridization buffer,
and the membranes were incubated in this mixture for 18 to 24 h at 65°C. The
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membranes were washed twice for 1 h at 65°C in 0.1X SSC containing 0.1% SDS
(1x SSC is 0.15 M NacCl plus 0.015 M sodium citrate). Hybridization patterns
were analyzed and reproduced with the PhosphorImager SF (Molecular Dynam-
ics, Inc.).

DNA probes. The N-ras probe employed was a 0.9-kb Pvull fragment from a
plasmid clone of human N-ras (5). The ecotropic-virus-specific probe was a gp70
Smal fragment from the Akv retrovirus (positions 6240 to 6570). The remaining
probes were all prepared by PCR with the primers described below. The PCR
amplification products were electrophoresed in a 1.5% (wt/vol) low-melting
agarose (SeaPlaque; FMC) gel; fragments were excised from the gel and purified
by phenol-chloroform extractions.

Primer sequences. The provirus-specific primers for amplification from the 5’
long terminal repeat (LTR) (primers 1, 2, and 4; see Fig. 1) have been described
previously (22); hence, only the primers used for amplification from the 3" LTR
will be described herein.

For the first PCR, the primer sequence was 5'-TGCGGCCGCGATTCCCA
GATGACCGGGGATC-3' (located at positions 356 to 376 in the LTR; 1 = first
base in U3, the underlined sequence; remainder of primer consists of linker
sequences added for other purposes). For the second PCR, the primer sequence
was 5'-TTAAACTAACCAATCAGCTCGCTTC-3’ (located at positions 391 to
415 in the LTR; 1 = first base in U3). The sequence of the sequencing primer was
5'-TCCGAATCGTGGTCTCGCTGATCCTTGG-3" (located at positions 550
to 577 in the LTR; 1 = first base in U3). The sequences of c-myc primers a and
b (see Fig. 2A) were 5'-TGTGTATGTATACGTTTGGGGATTGTAC-3'
and 5'-CACTCCAGCACCTCCGGTTCGGACT-3', respectively. The se-
quences of the pim-1 PCR probe primers were 5'-TACCTCTTACCTGCTGCT
TCTCAAACT-3' (positions 6091 to 6117) and 5'-TAAAGGGAATTGGTCAT
AGTCAGGGAGT-3' (positions 7190 to 7163). The positions indicated are from
the sequence in the GenBank-EMBL databases (nucleotide sequence accession
number M13945). (The PCR probe of 1.1 kb obtained by these primers extends
from both sides of the HindIII restriction site located in the 3'-terminal pim-1
exon. Hence, when used with HindIII-digested DNA, this probe will scan both
the upstream and downstream regions in which proviral integrations have been
found to cluster [21].) The sequences of PKC-m primers a and b (see Fig. 5) were
5'-CCCCGCGCGCTCTCAGAAGGACGAT-3" and 5'-TGCGCAACAGCTC
CTGGAACTGCAGCGT-3', respectively. The sequences of the TCR-B (J2 re-
gion) primers (used for construction of the PCR probe and for verification of
integration) were as follows: upstream primer, 5'-GCTTCTTGGCAACTG
CAGCGGGGAGT-3' (located at positions 1295 to 1320); downstream primer,
5'-CTGGGTCTCCAACACTGCTTCAAGTG-3' (located at positions 2058 to
2033). (Positions in parentheses correspond to the sequence in the GenBank-EMBL
databases [accession number K02802].) The sequence of the MHCII E3 primer
(used for verification of the integration) was 5-TTGACCCACCTGGGGGCCAA
GAAAT-3' (located at positions 1719 to 1695; nucleotide sequence accession num-
ber M37515). For the MHCII E-8 PCR probe, the following primers were em-
ployed: 5'-CGGGCCGAGGTGGACACGGTGTGC-3' (located at positions 204 to
227; nucleotide sequence accession number M28591) and 5'-TGCTCGGGCCAGT
GAGGAGATCAGC-3' (located at positions 45 to 21; nucleotide sequence acces-
sion number M37515).

Nucleotide sequence accession numbers. The nucleotide sequences of the
provirus-flanking sequences have been assigned the EMBL data bank accession
numbers Z69798 to Z69836 (see Table 1).

RESULTS AND DISCUSSION

Amplification and sequencing of DNA flanking integrated
proviruses. The overall strategy for amplifying the provirus-
flanking cellular coherent fragments is illustrated in Fig. 1 (22).
DNA containing integrated provirus(es) is amplified in two
steps. In the first PCR step, one of the partly degenerate
primers (FP, Fig. 1) is used, as well as a biotinylated provirus-
specific primer. The amplified, biotinylated fragments are iso-
lated with streptavidin-coated magnetic beads and used as tem-
plates in the second PCR. In the second PCR, a primer
corresponding to the nondegenerate part of the flanking
primer is biotinylated (primer 3, Fig. 1) and used with a nested
provirus-specific primer. The isolated biotinylated fragments
from this PCR are directly sequenced. To avoid amplification
of internal proviral sequences from the other LTR, the DNA
was digested before the first PCR (22). When amplification
was from the 5" LTR, the DNA was digested with AfIII, which
cuts immediately upstream of the 3" LTR, thereby preventing
amplification of internal proviral fragments from the 3’ LTR.
Pvul was used to cut off the 5" LTR when amplification was
from the 3" LTR.

The above method was used on DNAs from 20 SL3-3-in-
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FIG. 1. Strategy for amplifying DNA flanking integrated proviruses. The
figure shows amplification from the 5’ LTR. Amplification from the 3’ LTR
follows the same principle. The integrated provirus is represented by the two
boxes (the LTRs) and the solid line, while broken lines indicate unknown flank-
ing DNA. The light vertical arrow marks the AfIII restriction site. The horizontal
arrows indicate the oligonucleotide primers (FP [flanking primer] indicates that
any of the FPs written below is used). A closed circle symbolizes biotin coupled
to the 5’ end of the DNA.

duced tumors. SL3-3 murine leukemia virus (MuLV) was in-
jected into newborn NMRI mice, causing malignant lympho-
mas (predominately thymic lymphomas) in all animals (6). The
results of the PCR are summarized in Table 1. The amplified
fragments varied in size between 400 and 2,000 bp, as deter-
mined by electrophoresis on agarose gels (data not shown).
From each tumor, at least one of the flanking primers (FP, Fig.
1) used in the first PCR resulted in amplification of at least one
provirus-cellular DNA junction fragment; a total of 39 differ-
ent provirus-flanking DNA fragments from the 20 tumors were
isolated, and their sequences were determined.

The number of provirus-flanking cellular coherent frag-
ments obtained in a given tumor does not necessarily reflect
the number of integrated proviruses in that tumor. As seen in
Table 1, the ratio of the number of PCR fragments to the
number of ecotropic proviral integrations varied among the
tumors, as deduced from Southern blot hybridizations (data
not shown). The number of PCR fragments obtained depends
on the accessibility of the PCR to the integrated proviruses.
First, whether an integrated provirus will be amplified depends
on the distance to the nearest cellular pentamer site corre-
sponding to the 3’ end of the flanking primer; that is, for the
PCR to take place, the flanking primer has to hybridize within
a suitable range. We have overcome this problem somewhat by
using flanking primers containing different 3’ ends (FP, Fig. 1),
thereby increasing the probability that at least one of the flank-
ing primers will hybridize within a suitable distance from the
integrated provirus. By including more flanking primers, still
more provirus-flanking cellular DNA junction fragments may
be obtained from each tumor. Second, structural features of
the flanking DNA may in some cases make it difficult to am-
plify the DNA by PCR, and ergo some of the proviral integra-
tion site sequences will not be amplified.

The sequence determination of the flanking DNA fragments
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TABLE 1. Amplification of provirus integration sites in tumor DNAs employing the strategy shown in Fig. 1
Tumor Mouse age No. of ecotropic Junction sequences® 4b @ Inteeration site® Accession
no. (days)* proviral integrations” 5 ond 3 end “bp repea ntegration site number’
1 57 2 1 0 5 TACA n.h. 769830
2 71 2 1 1 5 ACTC n.h. 769828
71 2 1 1 3 GCTG n.h. 769829
3 76 3 1 0 5 GTGG c-myc promoter 769825
4 76 4 1 0 5’ GTAC n.h. 769826
5 82 1 2 0 5 CTTA n.h. 769824
82 1 2 0 5’ ATAC c-myc promoter 769827
6 90 2 1 1 5 CTTG n.h. 769822
90 2 1 1 3 CACT n.h. 769821
7 91 4 1 1 5’ NTAC n.h. 769820
91 4 1 1 3 TNTT n.h. 769818
8 92 1 2 0 5 GTTG n.h. 769816
92 1 2 0 5 CAGC n.h. 769823
9 95 1 1 0 5 ATTA n.h. 769819
10 106 1 1 1 5’ GCCT n.h. 769817
106 1 1 1 3 CTGT n.h. 769814
11 110 1 0 1 3 CTCN n.h. 769811
12 110 1(2) 3 2 5 CAAC n.h. 769812
110 1(2) 3 2 5 CTAT TCR-B 769813
110 1(2) 3 2 5’ AAGG MHCII E-B 769809
110 1(2) 3 2 3 TNAC n.h. 769806
110 1(2) 3 2 3 TTCT n.h. 769807
13 114 1(2) 0 2 3 AGTC n.h. 769810
114 1(2) 0 2 3 TTGG c-myc promoter 769808
14 119 4 3 0 5’ ATGG* n.h. 769803
119 4 3 0 5 ATGT n.h. 769802
119 4 3 0 5’ AGCA n.h. 769801
15 120 1(1) 3 1 5’ GAGC* n.h. 769804
120 1(1) 3 1 5’ CTAT PKC-n 769805
120 1(1) 3 1 5’ CATC n.h. 769798
120 1(1) 3 1 3 GCTC* n.h. 769799
16 124 5 1 0 5’ AAAG n.h. 769800
17 140 2(1) 2 1 5’ CGGT n.h. 769815
140 2(1) 2 1 5’ CCCT n.h. 769831
140 2(1) 2 1 3 TGTG n.h. 769832
18 141 3 1 1 5’ AACC N-ras exon —1 769833
141 3 1 1 3 ACCA n.h. 769834
19 249 3 1 0 5’ NTAC n.h. 769835
20 267 3 1 0 5’ CTTC n.h. 769830

“ Age of mouse at death.

> The number of ecotropic proviral integrations as determined by Southern blot hybridizations. The numbers in parentheses indicate additional weakly hybridizing

fragments.
¢ The number of flanking fragments amplified from the 5’ and 3’ LTRs.

@ The 4-bp repeat at the site of integration, presented directly from the sequence of the second PCR product. An asterisk indicates that the same integration site

was amplified with different flanking primers.

¢ All flanking sequences were compared with sequences in the GenBank and EMBL databases. n.h., no homology (no significant homology was found). However,
a few flanking fragments contained stretches of repetitive sequences (tumors 7 [Z69820], 14 [Z69802], and 18 [Z69834]).
/The nucleotide sequences of the proviral flanking sequences have been assigned EMBL data bank accession numbers as indicated.

was done in one step with a sequencing primer located in the
LTR, as shown in Fig. 1, and 450 bp was the maximum deter-
mination. However, for most of the fragments it would be
possible to obtain longer sequences (up to about 1,800 bp) by
including more sequencing steps. In a few cases, no more than
about 50 bp could be determined because the flanking primer
had hybridized very close to the proviral LTR. All the se-
quences were compared with sequences in the GenBank and
EMBL databases as well as with each other.

Clonal integrations into the c-myc gene. Of the 39 provirus-
flanking sequences, 3 revealed homology to the mouse c-myc
promoter sequence (tumors 3, 5, and 13, Fig. 2A and Table 1).
All three integrations were found within an 800-bp region of
the c-myc promoter. Almost all proviral integrations that have
been found within this region of the c-myc gene in transcrip-
tional orientations opposite that of c-myc (2, 9, 11, 15). In our

experiments, one of the integrations was found to be in the
same transcriptional orientation as the c-myc gene while the
other two were found to be in the opposite orientation (Fig.
2A).

To test the clonality of the c-myc integrations, Southern blot
analyses were performed on HindIII-digested tumor DNAs
with the c-myc promoter-specific PCR probe shown in Fig. 2A.
For tumors 3 and 13, the Southern blots showed rearranged
fragments of the expected sizes (6.3 and 7.0 kb, respectively;
Fig. 2C). For tumor 5, two fragments of 3.4 and 5.6 kb were
expected. However, one rearranged fragment of about 9 to 9.5
kb was observed (Fig. 2C). This could be explained if this
particular provirus did not contain an internal HindIII restric-
tion site, and in order to examine this, a PCR was done on
DNA from tumor 5 with a provirus primer located 3’ of the
internal HindlIII site (indicated in Fig. 2B) together with c-myc
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FIG. 2. Integrations into the c-myc gene. (A) The positions and orientations of the proviruses integrated into the c-myc promoter sequence are indicated by
triangles. A closed triangle represents an integration determined by the two-step PCR method, while an open triangle represents an integration determined by Southern
blot analyses (see text). The corresponding tumor numbers are given in parentheses. The broken line indicates the nonavailable sequence of the c-myc promoter.
Primers a and b were used to verify the integrations. These primers were also employed to amplify the c-myc probe (indicated by the bar) which was used in Southern
blot hybridizations. The HindIII restriction sites are shown. (B) The SL3-3 MuLV provirus. The LTR-specific primers (c and d) are indicated by the arrows. The HindIII
cleavage site is shown. The location of the ecotropic-virus-specific probe used in Southern blot hybridizations is indicated. (C) Southern blot hybridizations with the
c-myc PCR probe shown in panel A of HindIII-digested DNA from tumors (number indicated above each lane) and control DNA (liver DNA from mock-injected

control mice). Fragment sizes (in kilobases) are indicated at the left.

primer b shown in Fig. 2A. The resulting fragment of about 4
kb could not be digested with HindIII (data not shown), thus
supporting the lack of an internal HindIII site in this integrated
provirus.

In addition, alterations in the c-myc region were seen in
three cases in which no integrations into the c-myc gene were
found by the two-step PCR method: tumors 1, 2, and 4 (Fig.
2C). This could be due to integrations in the c-myc gene out-
side the known sequences. Thus, homology searches in the
databases would not detect these integration sites as c-myc
sequences. Alternatively, the observed alterations do not result
from proviral integrations but rather from nonviral chromo-
somal rearrangements in the c-myc locus. To examine this, the
same Southern blots were hybridized with an ecotropic-virus-
specific probe (the location of the probe is indicated in Fig.
2B). For tumors 1 and 4, the ecotropic-virus-specific probe did
not hybridize to the rearranged c-myc fragments of 3.8 and 6.5
kb, respectively, while for tumor 2, this probe apparently did
hybridize to the 7.3-kb rearranged c-myc fragment (data not
shown). Additionally, for further examinations, combinatorial
PCRs were done with c-myc primers a and b (Fig. 2A) and
provirus-specific primers ¢ and d (Fig. 2B). In the PCR ampli-
fications of DNA from tumor 1, one combination, c-myc
primer b and LTR primer ¢, provided a fragment of about
1,300 bp. This result, together with the hybridization data,
confirms that in tumor 1 a provirus has integrated in the op-
posite transcriptional orientation about 1,800 bp upstream of
c-myc exon 1, which is outside the known sequence of the
c-myc promoter (Fig. 2A). In the PCRs of DNA from tumors
2 and 4 with the four pairwise combinations of primers, no
amplification products were obtained, so whether the rear-
ranged c-myc fragments observed in these tumors result from
proviral integrations and/or nonviral chromosomal rearrange-
ments cannot be ascertained.

Clonal integration into the N-ras gene. One of the 5" LTR-
flanking sequences from tumor 18 showed homology to the 5’
end of the mouse N-ras gene. To verify this integration, an
N-ras primer located downstream of the integration site was
constructed and used together with a provirus-specific primer
in order to amplify the 3" LTR-flanking sequence. The size and
sequence of the resulting fragment (data not shown) confirmed
that the provirus had integrated into the N-ras gene at the 3’
end of the first noncoding exon, exon —1 (Fig. 3A), in the same
transcriptional orientation. To examine if this integration was
clonal, Southern blotting was performed on HindIII-digested
tumor DNAs with a human N-ras 5’ probe (5). As shown in
Fig. 3B, the integration into the N-ras gene in tumor 18 was
clonal, as a rearranged fragment of about 9.4 kb was seen. In
the other tumor DNAs, no rearrangements of the N-ras gene
were observed (data not shown). There have been no reports
of proviral activation of N-ras. However, retroviral activation
of the other ras genes, H-ras and K-ras, has been described (4,
8, 23). A proviral integration into the H-ras in a T-cell line
from Moloney MuLV-induced tumors was shown to be asso-
ciated with high-level expression of the H-ras locus (8). In this
case, the provirus has integrated between the 5’ noncoding
exon and the first coding exon in a cotranscriptional orienta-
tion. Overexpression of K-ras, due to a Friend MuLV provirus
insertion, has been implicated in the transformation of a mu-
rine myeloid cell line (4, 23). Again, the provirus has integrated
between the noncoding exon and the first coding exon in a
cotranscriptional orientation. The sites of proviral integration
found in H-ras and K-ras are thus similar to the integration site
we have found in N-ras, indicating that in this case, overex-
pression of the N-ras gene may contribute to tumor develop-
ment.

Nonclonal integrations into the TCR-3- and MHCII E-f3-
encoding genes. In tumor 12, two of the flanking sequences
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FIG. 3. Integration into the N-ras gene. (A) The mouse N-ras gene is shown with the location and orientation of the integrated provirus. (B) DNA from tumor 18
and control DNA (DNA from liver from mock-injected control mice) were digested with HindIII and hybridized with a human N-ras 5’ probe (5). Size markers are

shown at the right.

showed homology to known sequences, namely, the genes en-
coding TCR-B and MHCII E-B. The locations and orientations
of these integrations as well as the sequence alignments are
shown in Fig. 4.

Alignment of the provirus-flanking sequence and the pub-
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lished MHCII E-B sequence reveals several gaps (Fig. 4B). To
verify the integration, a primer from the published sequence
downstream of the integration was constructed (positions are
given in Materials and Methods). This primer was used to-
gether with a 5 LTR-specific primer (primer 1, Fig. 1) in a
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FIG. 4. Integrations into the TCR-B and MHCII E-B genes in tumor (Tum.) 12. (A) Left: orientation and integration site of the provirus in the mouse TCR-B gene,
shown here in germline configuration. Center: PCR amplifications of the 5’ LTR- and 3’ LTR-TCR-B junction fragments (primer positions provided in Materials and
Methods). M, molecular size markers (2,176, 1,766, 1,230, 1,033, 653, 517, 453, 394, 298, and 234/220 bp, respectively). Right: alignment of the provirus-flanking
sequence (238 bp) and the TCR-B J2 sequence (numbers below refer to the GenBank-EMBL sequence, accession number K02802). (B) Left: orientation and
integration site of the provirus in the mouse MHCII E-B gene. Center: PCR amplifications of the preintegration site fragment and the 5" LTR-MHCII E-B junction
fragment of DNA from tumors 2 and 12 (primer positions provided in Materials and Methods). M, molecular size markers as in panel A. Right: alignment between
this provirus-flanking sequence (245 bp) and the MHCII E-B sequence (accession number M37515).
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PCR of DNA from tumor 12, resulting in a fragment of the
expected size of about 1,700 bp (Fig. 4B, 5" LTR-MHC frag-
ment, tumor 12). As a control, DNA from tumor 2 was used in
a similar PCR; no fragment amplification occurred (Fig. 4B, 5
LTR-MHC fragment, tumor 2). For further verification, the
preintegration site fragments of the same DNAs were ampli-
fied, using primers constructed from the published sequence
(positions are given in Materials and Methods). As seen in Fig.
4B, the expected fragment of about 1,670 bp was obtained in
both cases. The observed gaps in the alignment may thus re-
flect sequence differences in this intron among different mice
strains. The preintegration site fragment was used as a probe in
a Southern blot hybridization on HindIII-digested tumor
DNA, revealing that the integration was not clonal (data not
shown).

The integration in TCR- was verified by PCR with primers
located upstream and downstream of the integration site (con-
structed from the published sequence; positions are given in
Materials and Methods) as well as a 5" LTR- and a 3" LTR-
specific primer, respectively (the LTR-specific primers were
identical to those used in the first PCR of the two-step PCR).
As seen in Fig. 4A, the expected fragments of 720 and 830 bp
were obtained, thus confirming this integration. Employing the
same TCR-B-specific primers, the preintegration site fragment
was amplified and used as a probe in a Southern blot hybrid-
ization of HindIlI-digested DNA, which showed that the inte-
gration was not clonal (data not shown).

Since the two integrations in tumor 12 were found to be
nonclonal, no immediate indications for a possible role in
tumorigenesis were provided. There have been no reports of
proviral integrations into these genes. However, with respect to
the TCR-B gene, it is tempting to speculate if this would occur
in tissues or cell lines in which this gene is active in recombi-
nation or transcription. It has been shown that actively tran-
scribed regions are preferred sites for proviral integrations (13,
18, 19, 25). The PCR strategy presented here would be a useful
implement in such studies.

Nonclonal integration into an nPKC-v gene. For tumor 15
an integration into a protein kinase C gene was observed. A 5’
LTR-flanking sequence of about 450 bp showed homology in
the last 200 bp to an nPKC-nj gene which is predominantly
expressed in lung and skin (16). This indicates an overlap
between the provirus-flanking sequence and the published
nPKC-n sequence (Fig. 5). To verify this overlap and rule out
PCR artifacts, primers were constructed from the published
sequence (primer b, Fig. 5A, and second underlined sequence
in Fig. 5B) and from the obtained provirus-flanking sequence
(primer a, Fig. 5A, and first underlined sequence in Fig. 5B),
both located outside the overlap. These primers were used in
PCRs of control DNA (DNA of liver from mock-injected
mice) showing the expected fragment of 615 bp (Fig. 5B).

Southern blot hybridizations with a PCR probe constructed
by primers a and b (shown in Fig. SA) showed no rearranged
nPKC gene fragments; thus, this integration was not clonal.

Lack of integrations into the pim-1 gene. pim-I has been
identified as a common integration site in tumors induced by
SL3-3 (7, 14) as well as in other MuLV-induced tumors (3, 20).
Accordingly, we expected to see proviral integrations into this
gene. However, none of the flanking sequences showed homol-
ogy to pim-1 (Table 1). Therefore, in order to exclude the
possibility that this indicates a deficiency of the method, we
performed Southern blot hybridizations with a pim-1 probe on
Hindlll-digested DNA from all the tumors. (The pim-1 probe
scans both the upstream and downstream regions in which
provirus insertions have been found to cluster [3, 21]). No
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FIG. 5. Integration into the PKC-n gene in tumor 15. (A) The mouse
nPKC-n gene is shown, along with the location and orientation of the integrated
provirus. The dotted line represents the upstream nPKC-v sequence which is not
available. The broken arrow shows the start point of the coding sequence (16).
The extent of the determination of the provirus-flanking sequence is indicated.
Primers a and b were used to verify the overlap. (B) Left: the sequence of the
provirus-flanking DNA (1 to 440) overlaps with the published nPKC-m sequence
(256 to 655+). The overlap is shown in boldface. The sequences of primers a and
b, indicated in panel A, are underlined. Right: PCRs of liver DNA from two
mock-injected control mice, employing primers a and b. M, molecular size
markers (2,176, 1,766, 1,230, 1,033, 653, 517, 453, 394, 298, 234/220, and 154 bp,
respectively).

rearranged pim-1 fragments were detected (data not shown),
thus supporting the results obtained by PCR.

Integrations into unknown DNA sequences. As seen in Ta-
ble 1, most of the integration site sequences showed no simi-
larities to any known sequences in the databases. Some of
these sequences may represent integrations into already known
genes or DNA regions; however, if they are located in introns
or nontranscribed regions these integration sites may not be
recognized, since such sequences most likely are underrepre-
sented in the databases. Extension of available sequences,
however, may reveal overlap between provirus-flanking se-
quences and known sequences, like in the case of the nPKC-n
integration.

The sequences were compared with each other, but no over-
laps were detected. Still, this does not rule out the possibility
that some of the proviruses have integrated into the same
region, as the sequence determinations of the flanking cellular
DNA fragments are all less than 450 bp. Consequently, provi-
ruses integrated by distances of 400 bp or more would not be
detected in the comparison analyses.

One individual integration into an unknown DNA was ex-
amined. From tumor 15 both 5 LTR- and 3’ LTR-flanking
sequences from the same proviral insertion were obtained, as
suggested by the 4-bp repeat at the site of integration (Table
1). To verify that these flanking sequences originated from the
same integrated provirus, the preintegration site was amplified
by using primers constructed from the 5" and 3’ LTR-flanking
sequences (Fig. 6A). The expected preintegration site frag-
ment of 390 bp was obtained (data not shown), and this frag-
ment was used as a probe in Southern blot hybridizations. As
seen in Fig. 6B, the integration into this unknown DNA se-
quence in tumor 15 was clonal, as two rearranged fragments of
about 13 and 10 kb were obtained. Interestingly, hybridizations
of the preintegration site probe to DNA from the remaining
tumors revealed a rearranged fragment of about 10 kb in
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FIG. 6. Integration into unknown DNA. (A) Sequence of the preintegration site in tumor 15. Both 5" LTR- and 3’ LTR-flanking sequences from the same site of
integration were obtained by the strategy shown in Fig. 1. The 4-bp repeat at the integration site is shown in boldfaced italics. The sequences of the primers that were
constructed to amplify the preintegration site fragment are underlined (primers 1 and 2, respectively, shown in panel D). (B) DNA from tumors 15 and 16 and control
DNA (DNA from liver from mock-injected control mice) were digested with HindIII and hybridized with the preintegration site fragment. Size markers are shown at
the right. (C) Two independent PCRs of DNA from tumor 16, with primer 2 (shown in panel D) and with the provirus-specific primer ¢ (shown in Fig. 2B). M1 and
M2, molecular size markers (M1: 27,000/23,130, 9,420, 6,560, 4,360, 2,320, 2,020, and 560 bp, respectively; M2: 2,176, 1,766, 1,230, 1,033, 653, 517, 453, 394, 298, 234/220,
and 154 bp, respectively. (D) The relative location and orientation of the integrated proviruses in tumors 15 and 16, deduced from the Southern blot (panel B) and
the PCRs (panel C). The preintegration site probe is indicated with a black bar. In the lower enlarged panel, the two primers, 1 and 2, that were used to amplify the

preintegration site fragment are shown.

tumor 16 as well (Fig. 6B), indicating that a provirus in this
tumor had integrated into the same region of unknown DNA.
Combinatorial PCRs of DNA from tumor 16 were done with
the primers shown in Fig. 6A and D and the provirus-specific
primers shown in Fig. 2B. One combination, LTR primer ¢
(Fig. 2B) and the primer constructed from the 3" LTR-flanking
sequence of tumor 15 (primer 2, Fig. 6D), provided a fragment
of about 3 kb (Fig. 6C). This result, together with the rear-
ranged fragment sizes observed in the Southern blot experi-
ments, indicates that the proviruses in the two tumors have
integrated in opposite orientations and that the two integration
sites are separated by approximately 2.5 kb (Fig. 6D). These
results strongly suggest that this unknown DNA sequence rep-
resents a common integration site.

Sequence tag strategies. Our results illustrate important as-
pects of a sequence tag analysis as the starting point for anal-
ysis of retroviral integration sites. Homology searches imme-
diately identified integration sites in c-myc, N-ras, and the
genes coding for MHCII E-B, TCR-B, and nPKC-r. While the
role of clonal integrations in the upstream c-myc promoter
region in tumor development has been extensively studied, the
N-ras gene represents a previously unknown target for proviral
insertion. However, analogy with earlier findings of corre-

sponding integrations into H-ras and K-ras strongly suggests a
role of this proviral integration in tumor development. The
three remaining integrations into known sequences were all
found to be nonclonal. Hence, they may represent purely ran-
dom integrations without any role in tumor initiation, or they
may contribute to secondary effects in tumor progression.

Sequence tags without homology to known sequences will be
available in databases for studies of proviral integration sites of
possible relevance for understanding oncogenesis as well as the
general target specificity of the retroviral integration machin-
ery. Moreover, such sequences may provide an entry to anal-
ysis of surrounding DNA with specific PCR primers and de-
rived hybridization probes. The finding reported here of
proviral integration into a common region in two tumors pre-
sents an example of the value of this approach.
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