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We describe a two-step polymerase chain reaction method that can be used for the amplification of cellular
DNA sequences adjacent to an integrated retroviral provirus. The technique involves a partly degenerate,
arbitrary primer that will hybridize in the provirus-flanking cellular DNA. By using this primer in combination
with a biotinylated provirus-specific primer, a provirus-cellular DNA junction fragment can be isolated from
the nonspecific amplification products by using streptavidin-coated magnetic beads. A second amplification
employing a nested provirus-specific primer and a biotinylated nondegenerate primer derived from the partly
degenerate primer followed by purification with streptavidin-coated beads enhances the specificity and the
efficiency of recovery of a fragment(s) containing the unknown flanking sequences. In addition to being relevant
in studies of viral integration sites, the method should be generally useful to analyze DNA sequences either
upstream or downstream from a known sequence.

In studies of integration sites of retroviral proviruses, for
example, in the search for common integration sites in tumor
DNAs, the proviral 5'- and 3'-flanking sequences are indis-
pensable, e.g., as probes for further analyses. In these cases,
ordinary cloning techniques to purify flanking cellular DNA
are very laborious, as no standard or common library can be
constructed and used in the analyses. Hence, for studies of
proviral integration sites other and faster approaches are

desirable.
The polymerase chain reaction (PCR) is a method which

permits the amplification of specific DNA sequences without
cloning (16, 20). One of the limitations of this technique,
however, is the need for knowing the sequence of two specific
primers that flank the region to be amplified. Several strategies
have been developed to overcome this limitation in situations
in which one wants to amplify and sequence unknown DNA
flanking a known sequence. These strategies include steps such
as ligation and circularization (10, 17, 19), ligation of adaptors
to the ends of the amplified sequence (14, 15), PCR with mixed
random primers combined with oligomer extension (13), or

tailing of specific deoxynucleotides to produce a site to which
a primer can hybridize (7, 9, 11). Still, none has found
widespread applications in the mapping of integration sites of
retroviral proviruses.

This paper describes a simple method without additional or

intervening procedures, such as critical ligation or circulariza-
tion steps, that permits amplification and sequencing of un-
known cellular DNA flanking integrated proviruses. The
method consists of the following steps: (i) a PCR using a

biotinylated provirus-specific primer and a partly degenerate,
arbitrary primer (flanking primer) with a fixed 3' end, which
will hybridize within a statistically defined range in the cellular
DNA flanking the provirus; (ii) purification of the PCR
products that originate from the provirus primer by employing
streptavidin-coated magnetic beads; (iii) a second PCR using
the purified products from the first PCR as templates and a
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nested provirus-specific primer together with a biotinylated
nondegenerate primer derived from the flanking primer; and
(iv) direct sequencing of the purified (on streptavidin-coated
magnetic beads) PCR products (5). The sizes of fragments
amplified by this technique have been up to approximately
1,500 bp.
We have documented the validity of the method by ampli-

fying and sequencing DNA flanking an inherited ecotropic
provirus in BALB/c mice, single-copy integrated retroviral
vector proviruses, and finally, integrated SL3-3 proviruses in
tumor DNAs from SL3-3-infected NMRI mice.

MATERIALS AND METHODS

PCRs. All PCRs were done in a 50-[lI reaction volume
containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM
MgCl2, 0.01% (wt/vol) gelatin, 0.2 mM (each) deoxynucleoside
triphosphates, 25 pmol of the specific primer and 75 pmol of
the random primer (first PCR [Fig. 1]) or 25 pmol of each
primer (second PCR [Fig. 1] and shifting PCR [as defined in
Results and Discussion]), and 1.2 U of Taq DNA polymerase
(Stratagene). Genomic or plasmid DNA (100 to 1,000 ng) was

used as a template in the first PCR. For the second PCR (or for
the shifting PCR) 2 p.l of the isolated fragments from the first
PCR was used as a template (see below). The amplification
mixture was overlaid with a drop of paraffin oil and underwent
40 cycles of PCR in a water-based thermal cycler (Microlab,
Aarhus, Denmark) with denaturation at 94°C for 1.2 min (first
cycle, 94°C for 4 min), annealing at 62°C for 1.2 min, and
extension at 73°C for 3 min (last cycle, 73°C for 10 min). For
analysis, 10 [L1 of the amplification reaction mixture was

electrophoresed on a 2% (wt/vol) agarose gel and stained with
ethidium bromide.

Dynabead-streptavidin purification. After the first PCR the
amplified biotinylated fragments were isolated (by using a

magnet to sediment the beads in the tubes during supernatant
removal and washing procedures) by mixing 40 .1I of the PCR
mixture with 40 p.l of 200-p.g prewashed (in 2 x B&W buffer
[10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 2.0 M NaCl])
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1: GAATTCGATATCGATCCCCGGTCATCTGGG
2: AAATTTGAAACTGTTGTTG I I lTAGCTATTTCTGGGG
4: CTCTGGTA1TTTCCCATG

3: CAGTTCAAGCTTGTCCAGGAATTC

FP: CTTGTCCAGGAATTCNNNNNGGCCT (2861)
CTTGTCCAGGAATTCNNNNNNNGGCCT (2862)

CAGTTCAAGCTTGTCCAGGAATTCNNNNNGGCCT (2863)

CAGTTCAAGCTTGTCCAGGAATTCNNNNNNNGGCCT (2553)

FIG. 1. Strategy for amplifying unknown DNA flanking integrated proviruses. (A) The integrated provirus is indicated by the two boxes (the
LTRs) and the solid line. The dotted lines represent the flanking DNA. The arrows denote the oligonucleotide primers (FP, flanking primer; 1,
2, and 3, specific PCR primers; 4, sequencing primer). A filled circle indicates biotin coupled to the 5' end of the DNA. (B) SL3-3 LTR region
(8) showing the positions of the provirus-specific primers used in panel A. (C) Sequences of the oligonucleotide primers used in panel A. Primer
1 is an ecotropic specific primer (15). N, AGCT.
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7120 S0RENSEN ET AL.

Dynabead M280-streptavidin (Dynal AS, Oslo, Norway). Fol-
lowing incubation for 15 min and washing in I x B&W buffer
the Dynabead-bound fragments were melted in 8 .1l of 0.1 M
NaOH for 10 min. The supernatant containing the nonbioti-
nylated strands was neutralized with 4 [LI of 0.2 M HCl and 1
[LI of I M Tris-HCl, pH 8.0, and the volume was adjusted with
water to 30 [LI, of which 2 p.1 was used as a template in the
second PCR.

Sequencing of the PCR fragments. Isolation of the biotiny-
lated fragments from the second PCR followed the same
procedure as the isolation of fragments from the first PCR,
except that after separating of the strands the immobilized
biotinylated strands were washed once with 50 p.1 of 0.1 M
NaOH, once with 40 p.1 of 1 x B&W buffer, and once with 50
pLI of 10 mM Tris-HCl, pH 7.5-1 mM EDTA buffer. The
biotinylated strands were resuspended in 7 p.1 of H,O and
sequenced with primer 4 (Fig. 1) by using either (i) a Seque-
nase kit per the manufacturer's recommendations (United
States Biochemical Corp., Cleveland, Ohio) followed by sedi-
mentation of the Dynabeads and loading the supernatant onto
the sequencing gel or (ii) a Taq DyeDeoxy Terminator Cycle
Sequencing Kit (Applied Biosystems, Inc., Foster City, Calif.);
the manufacturer's recommendations were followed except for
employing a Hybaid OmniGene thermal cycler and denaturing
at 96°C for 35 s, annealing at 42°C for 15 s, and polymerization
at 580C for 4 min (25 cycles total). The phenol-chloroform
protocol was used for extractions of excess DyeDeoxy Termi-
nators from the completed sequencing reactions before load-
ing the samples onto an Applied Biosystems 373A DNA
sequencer according to supplied instructions.

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

RESULTS AND DISCUSSION

The overall strategy for amplifying unknown flanking DNA
is illustrated in Fig. 1. The procedure allows direct amplifica-
tion of cellular DNA adjacent to an integrated provirus
without a priori knowledge of sequence information beyond
the provirus priming sites. Cellular DNA containing the pro-
virus is amplified in two steps, using in the first PCR step a
flanking primer. This primer was chosen to consist of a 3' end
of 5 fixed nucleotides, which on average should exist every 45
(i.e., 1,024) bp in the genome; in this way, the amplification
product size will generally be limited within the range for the
PCR to take place. In order to increase the temperature of
annealing in the PCRs the fixed 3' end should be rich with G
and/or C, but at the same time, to avoid unspecific hybridiza-
tion to GC-rich regions the very 3' nucleotide must be A or T.
GGCCT was chosen because this sequence is located at a
suitable distance in the recombinant plasmid which was used in
preliminary testing experiments. Next to the fixed 5 nucleotides
are 5 or 7 random nucleotides which again are followed by 15
or 24 nucleotides corresponding to different restriction sites.
This flanking primer is used together with a provirus-specific
primer that is complementary to a portion of the U3 region of
the long terminal repeat (LTR) in which the sequence of
ecotropic viruses differs from that of other known endogenous
retroviruses (17). This ecotropic specific primer is biotinylated
in order to eliminate all or most of the fragments amplified by
the flanking primer alone, by using the system of streptavidin-
coated magnetic beads. The resulting purified fragments are
used as templates in the second PCR with a nested provirus-
specific primer and a biotinylated primer corresponding to the

A
Plasmid

M u s
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B
Vector proviruses

M

- 900
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- 225
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u s u s
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- 35250
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FIG. 2. Amplification of sequences flanking proviral 5' LTRs.
Ethidium bromide-stained agarose gels with PCR products from the
second (unshifted) PCR (lanes u) or from the shifting PCR (lanes s).
M, molecular size markers (2,176, 1,766, 1,230, 1,033, 653, 517, 453,
394, 298, and 234 or 220 bp, respectively). (A) Amplification of plasmid
DNA, ptvAkv-neo. (Flanking primer 2553 was used in the first PCR.)
(B) Amplification of genomic DNA from tvAkv-neo-transduced L691
cells. I and 2, two different cell clones. (A mixture of flanking primers
2861, 2862, and 2863 [25 pmol of each] was used in the first PCR.) (C)
Structure of ptvAkv-neo. Heavy lines denote the pBR322 plasmid.
Open boxes represent Akv LTR sequences (626 bp). Hatched boxes
(320 and 1,468 bp) represent the neo gene with surrounding regions of
Tn5 (left box [320 bp], only Tn5 sequences). The thin lines denote Akv
sequences (407, a 407-bp fragment immediately upstream of the Akv 3'
LTR; 255 [or 172], a 255-bp [or a 172-bp] fragment immediately
downstream of the Akv 5' LTR). Indicated by the vertical lines are the
sites to which the flanking primer apparently hybridizes.

nondegenerate 5' part of the flanking primer. The isolated
biotinylated fragments resulting from this PCR are directly
sequenced.

In initial studies recombinant plasmid DNA (ptvAkv-neo;
Fig. 2C) (6, 12) was amplified and purified as shown in Fig. 1.
After the two rounds of PCR with the intervening Dynabead-
streptavidin purification, two fragments were specifically am-
plified (Fig. 2A, lane u): one of the predicted size of 526 bp
arising from the flanking primer binding to GGCCT located
159 to 155 bp upstream both LTRs and one of approximately
900 bp. This band may correspond to a fragment amplified
from the flanking primer binding to the GC-rich region
CGCCCACCCCGGGCT, with the 3' end, GGCCT, of the
flanking primer presumably binding to GGGCT located 557 to
553 bp upstream the 3' LTR.

In order to exclude the possibility that the bands seen after
the second PCR correspond to fragments amplified from the
flanking primer alone, another amplification was performed
with another ecotropic specific primer (17) complementary to
the sequence just before the inverted repeat at the beginning
of the LTR (bases 12 to 23; 1 = the first base in U3). By using
this primer instead of primer 2 (Fig. 1) in an otherwise similar
second PCR, the fragments from such a PCR (shifting PCR)
should be 301 bp shorter. Besides, the shifting PCR further
strengthens the supposition of the ecotropic character of the
amplified fragments. Figure 2A, lane s, shows that the two
bands shifted correctly.
We next tried to amplify sequences adjacent to the ecotropic
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AGCWGGMGTA&GCQAATGLGGNCTATCAlf CTTNCATGTNGNTGC 50
*1 *2 *3

CTTATTAANTCTTGNCTTCTACATNTTATGTATGGTCTCAGNGTCTTCTN 100
*4

g
GAGGGTCTNTCAQMIAATTTTGTG 175

2)

GGTCTCGAGACCCCAGCTrTATTTCGTCGTTGTACCTTCGTGTGTCTCGA 50

GACCCCAGC GAGTATGTGGAATCGTGTCCCATCTCCTCAGAGCTGCC 100

AGTCGGTCTTAAAAAGTGTCCGAATATATCATTTTGAGTTTCCCCCTCTT 150

GACCCGTCCCTICATGTTCAAATGTAGTGATCCCTCAAGACGG¶TTCCCT 200

GTTCCCCAAGACGGTTTCCTAAGATGCATTGATTCCTCAGTACAGGATAG 250

TTCC 254

W FIG. 3. Amplification of the sequences flanking the ecotropic proviral LTRs in BALB/c DNA. (A and

90 B) Ethidium bromide-stained agarose gels showing the fragments amplified in the second PCR (lanes u)
and in the shifting PCR (lanes s). M, molecular size markers (2,176, 1,766, 1,230, 1,033, 653, 517, 453, 394,

80 298, and 234 or 220 bp, respectively). (The first PCRs were done with a mixture of flanking primers 2861,
2862, and 2863 [25 pmol of each]). (A) Fragments amplified from the 5' LTR. Before the first PCR the
BALB/c DNA was cut with AflII to eliminate amplification from the 3' LTR (see text). (B) Fragments

70 amplified from the 3' LTR. (C) Results of direct sequencing of the PCR fragment shown in panel B, lane
u (3'-LTR-flanking region), with the shifting primer as the sequencing primer. Numbers correspond to
numbers in the sequence shown in panel E, sequence 2. (D) Schematic illustration of the integration site

80 of BALB/c endogenous ecotropic provirus showing the extent of sequence determination, represented by
the arrows, of the amplified 5'- and 3'-LTR-flanking regions. The open boxes indicate BALB/c ecotropic

50 LTRs (U3, R, and U5), while the hatched boxes represent the flanking VL30 LTR-related sequences. The
dotted lines denote flanking cellular DNA. The repeated sequences at the junctions of ecotropic and VL30
sequences and at the junctions of VL30 and cellular sequences are indicated (3). (E) Sequences of the 5'-
and 3'-LTR-flanking regions. (Sequence 1) The sequence of the 5'-LTR-flanking region was determined

-~~ 40 by automatic sequencing with a Taq DyeDeoxy Terminator Cycle Sequencing Kit, and the sequence shown
here is a computer interpretation of the peaks of the chromatogram. The boldfaced sequence denotes the
ecotropic LTR sequence upstream the sequencing primer. The repeated sequences at the junctions
(ecotropic-VL30 and VL30-cellular sequences) are underlined. An asterisk above the sequence indicates
a difference from the sequence published by Horowitz et al. (3) (*1, IT/F-; *2, G/-; *3, C-T/CAT; *4,
GGC/GGG; the bases following the slash are from the sequence of Horowitz et al. [3], and dashes indicate
no base). A "g" above the sequence indicates that a G (instead of A and N, respectively) may be
interpreted from the chromatogram. The undetermined bases, represented by N, may in all cases be
replaced by the bases from the sequence determined by Horowitz and al. (3) if manual interpreting of the
peaks is performed. (Sequence 2) Sequence of the 3'-LTR-flanking region, of which a part is shown in
panel C. This sequence is identical to the one of Horowitz et al. (3).

proviral LTRs in BALB/c genomic DNA. BALB/c is a mouse
strain that contains a single ecotropic provirus located on
mouse chromosome 5; the 5'- and 3'-flanking sequences of this
provirus have been determined (3, 4). Figure 3D shows a

schematic illustration of the integration site. The BALB/c
ecotropic provirus is integrated within the R region of a VL30
LTR-related sequence, in opposite transcriptional orientation.
In this case we wanted to amplify the sequences adjoining both
the 5' and the 3' LTRs. The 5'-flanking sequence was ampli-
fied as shown in Fig. 1. However, in order to avoid amplifying
internal proviral sequences from the 3' LTR (see below), the
DNA was digested with Aflll before the first PCR was per-

formed. Since Afill cuts immediately upstream the 3' LTR, this
digestion should eliminate amplification of internal provirus
fragments. Figure 3A, lane u, shows that a fragment of about
1,500 bp was amplified. The shifting PCR, which was done as

described above, resulted in a fragment of the expected size of
about 1,200 bp (Fig. 3A, lane s), indicating that the 1,500-bp
fragment contained the DNA region (about 1,200 bp) adjacent
to the 5' LTR.

In principle, the strategy shown in Fig. 1 should also be
applicable to isolate unknown DNA flanking the 3' LTR by
using the complementary sequence of the primers shown in
Fig. 1. The amplification will then be directed from the 3' LTR

TGGG
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7122 S0RENSEN ET AL.

out into the 3'-flanking regions. This was examined on BALB/c
genomic DNA. The complementary sequence of the ecotropic
specific primer (primer 1, Fig. 1) was biotinylated and used in
the first PCR together with the flanking primer. After Dyna-
bead-streptavidin purification, the second PCR was performed
with primer 3 (Fig. 1) and a nested provirus-specific primer
located in U5 (73 to 46 bp upstream the end of the LTR). By
this, a fragment of about 800 bp which might contain the DNA
flanking the 3' LTR was amplified (Fig. 3B, lane u). This
assumption was supported by doing a shifting PCR employing
a primer located 35 bp further downstream in the U5. The
result of this PCR was a fragment of the expected size (35 bp
shorter), as shown in Fig. 3B, lane s.

Both fragments were then sequenced, using as sequencing
primers primer 4 (Fig. 1), for the fragment supposed to contain
the 5'-flanking region, and the primer used in the shifting PCR,
for the fragment supposed to contain the 3'-flanking region.
This ultimately confirmed that by using the proposed strategy
the DNA regions flanking both the 5' and 3' LTRs from the
BALB/c ecotropic provirus were isolated (Fig. 3C, D, and E).
To examine the strategy further, we tried to amplify the

5'-LTR-flanking sequences of single-copy integrated vector
proviruses in genomic DNA from tvAkv-neo-transduced L691
cells (12). The results of using the proposed strategy on two
different cell clones are shown in Fig. 2B. A single fragment
(approximately 650 and 550 bp) was amplified from each clone.
Both of the bands shifted when the shifting PCR was per-
formed (Fig. 2B), indicating that the amplified fragments
contained the flanking sequences. This was confirmed by
sequencing the fragments. The PCR fragments contained the
sequence upstream of the sequencing primer (primer 4, Fig. 1)
followed by unknown flanking sequences. Moreover, 3'-LTR-
flanking regions from the same integrated proviral sequences
have been isolated, and analyses of the 5'- and 3'-flanking
regions belonging together showed the expected 4-bp repeat
sequence of the sites of integrations (Fig. 4A and B). In
addition, PCR amplifications of preintegration sites in tvAkv-
neo-infected L691 cells with primers of sequences obtained
from the flanking DNA showed fragments of the expected
sizes, strongly signifying that the amplification products from
the tvAkv-neo-transduced cells did not originate from endog-
enous LTRs (Fig. 4C).
We are currently using the method to identify the integra-

tion sites in murine tumors induced by the SL3-3 retrovirus and
in cell lines with single-copy integrated retroviral vector pro-
viruses. We have isolated and sequenced about 30 LTR
5'-flanking DNAs from different SL3-3-induced tumors (2, 18).
Genomic DNAs from the tumors were isolated, and sequences
flanking the integrated proviruses were amplified by the pro-
posed strategy. Figure 5 shows an example of the resulting
fragments following the two rounds of PCR, employed with
seven different tumor DNAs. Shifting PCR was performed,
and as seen in Fig. 5, most of the bands shifted correctly,
indicating that the amplification products contained flanking
DNA. The products from the second PCR were directly
sequenced, and the fragments contained true flanking se-
quences only in four cases (lanes 1, 2, 5, and 7 in Fig. 5). Direct
sequencing of the remaining fragments (lanes 3, 4, and 6)
revealed that they contained internal proviral sequences. Using
a provirus-specific primer located in the LTR region in the first
round of PCR means that the specific primer will bind in the
other LTR as well, and if the flanking primer binds to a
sequence internal in the provirus, internal fragments will be
amplified (Fig. 1). Bands corresponding to any such resulting
fragments will shift, as will the bands corresponding to frag-
ments containing true flanking sequences, in the shifting PCR.

A
AGTTAGCTGGCTAAGCCTTATGAAGGGGTCTTTCAatatTTGATATTCAA 50

ATCCAAAATAGTAAATAGGTCTAGATAAGCTACATAATTTCATCCCATGG 100

GGCTGAGCTACAAGCTACAGAAACTTGGGGTTTATGAATCCTTGTCATTT 150

TACACTGATTAATGACTAACTTAGATGTGCCCAAAAAGGATTTTCTTTTC 200

TTATTTTCTTAGCATTTATCCGACAATTTAAAACCTCTCCAAGGCCCCCC 250

B
TCCTCAGAGTGATTGACTGNCCAGCCTGGGGGTCTTTCAatatGACTCAT 50

TTGAAAACTCTTACCAGCATTTGGNAAACAAAATCTAGTCCATGAGGTAT 100

TTTAAGAGAATATTACTTTACACTGGGGCATGGTGGTCCTTGCCTTTAGT 150

CCAGCATTTAGGGGAGAGUGAGACGTACC1'C'TGANT1TCGAGGC CCC

C
200

M

- 360 bp

FIG. 4. Amplification of a preintegration site. (A and B) Sequences
of 5'- and 3'-LTR-flanking DNA, respectively, related to the same
Akv-neo integrated provirus. The boldfaced sequences denote provirus
sequences, U3 in panel A and U5 in panel B. Underlined are the
sequences to which the primers used for amplification of the preinte-
gration site hybridize. Lowercase letters indicate the 4-bp repeats. (C)
Ethidium bromide-stained agarose gel showing the amplification of the
preintegration site in ptvAkv-neo-infected cells by using primers of
sequences obtained from the flanking DNA shown in panels A and B.
Lane M, molecular size markers (2,176, 1,766, 1,230, 1,033, 653, 517,
453, 394, 298, and 234 or 220 bp, respectively).

In fact, of the above-mentioned 30 LTR 5'-flanking DNA
sequences, 14 turned out to be not true flanking sequences but
internal proviral sequences. These sequences, however, have
illustrated some important aspects of the strategy, the first of
which seems to be how the flanking primer compares to the
genomic DNA: does it recognize the 5-nucleotide match? All
the internal fragments except one are of sizes that fit with a
perfect GGCCT match. Three sizes of fragments, estimated to
about 550 bp (two fragments), 800 bp (8 fragments), and 1,300
to 1,350 bp (three fragments), have been observed. These sizes
are consistent with the occurrence of exactly three GGCCT
sequences located in fitting positions in the region of interest,
the env gene (using the available sequence data on SL3-3
[reference 8 and unpublished results] and the closely related
Akv [1]). The size of the one fragment that does not fit with a
GGCCT site is about 450 bp. The sequence of this fragment
shows that the flanking primer in this case had bound to a
GGCCCT site located 114 to 119 bp upstream from the 3'
LTR. One explanation could be that in this particular provirus
the site mutated from GGCCCT to GGCCT (or GGGCCT),
thereby creating the correct flanking primer binding site.
Alternatively, a mismatch in the hybridization of the 3' end of
the flanking primer to GGCCCT might have been allowed in
this one case. Anyway, these observations indicate that during
the first PCR the flanking primer generally recognizes a perfect
5-nucleotide match.

J. VIROL.
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1 2 3 4 5 6 7
M;u s u su su su s u s:u s M

FIG. 5. Amplification of proviral LTR 5'-flanking sequences in

tumor DNAs from SL3-3-infected mice. Ethidium bromide-stained
agarose gel with PCR products from the second PCR (lanes u,

unshifted) or the shifting PCR (lanes s). The first PCRs were done with
a mixture of flanking primers 2861, 2862, and 2863 (25 pmol of each).
1 to 7 correspond to DNA from seven different tumors. Lanes M,
molecular size markers (2,176, 1,766, 1,230, 1,033, 653, 517, 453, 394,
298, and 234 or 220 bp, respectively).

Sometimes more than one fragment is amplified, which may

be due to more than one integrated provirus. Nevertheless, the
method described here still works in these cases, with some

minor modifications, such as separating the different amplified
fragments after the second PCR before sequencing. However,
we have observed that this may not always be necessary,

because the different bands seen after the second PCR may as

well be amplification products originating from the same

integrated provirus, with the flanking primer binding more

than one site in the flanking DNA, and hence, more than one

fragment can be amplified from the same provirus. This will of
course not influence the direct sequencing.

Examination of the internal sequences also indicates com-

petition in the PCRs. Only one (in a few cases, two) internal
fragment is amplified to significant amounts in the same PCR,
suggesting competition, but what fragment(s) will initially be
selected for amplification cannot be predicted. It seems that
there is a slight preference for the fragment of about 800 bp,
but the overall homology between the flanking primer and the
proviral DNA in this region does not suggest such a prefer-
ence. Perhaps the size of the fragment to be amplified plays a

role. The implication of competitive PCR also explains why the
expected two fragments (one from either LTR) are not gen-

erally observed. The amplification of either one (the flanking
DNA) or the other (the internal DNA) is inhibited in the PCR.
Yet this problem should be eliminated by cutting the DNA
with a suitable restriction enzyme before the first PCR to
remove either one of the two LTRs, provided that the viral
sequence is known and bearing in mind the risk of cutting off
the desired flanking DNA. We did such a digestion when the
DNA adjacent to the ecotropic 5' LTR in BALB/c DNA was to
be isolated, because we had had problems in previous experi-
ments that otherwise only internal sequences could be ampli-
fied in this case. Alternatively, in order to avoid the undesir-
able internal sequences, a provirus-specific primer located
outside the LTR could be chosen for the first PCR. Yet this
would result in a larger fragment to be amplified before
reaching the unknown, flanking region.

Occasionally, we are not able to amplify provirus-flanking
cellular coherent fragments using our flanking primer that
contains GGCCT in its 3' end. This may in some cases be

caused by structural features of the flanking DNA making it
difficult to amplify, but it may also be due to a distant location
of the nearest GGCCT site; that is, the flanking primer does
not hybridize to the flanking region within a suitable range for
the PCR to take place. Generally, the average product size is
limited to under 4 kb. In theory, this problem should be
overcome by using flanking primers containing other nucleoti-
des in their 3' end. In the case of analyzing proviral integration
sites in tumors it will be of importance to amplify flanking
cellular DNA from all integrated proviruses in a given tumor as
detected in Southern blots. For this purpose, it may also be
necessary to employ flanking primers with different 3' ends.

Competitive PCR may be considered a problem when
amplifying tumor DNA with more than one provirus, but by
employing the above-mentioned set of flanking primers with
different 3' ends, this problem should be overcome.
We find that our method in general can be successfully used

in studies of integration sites of retroviruses, which otherwise
often are very laborious. Besides, the proposed strategy could
be applied in many other situations. For example, we have
amplified genomic regulatory regions adjacent to cDNA (data
not shown). Also, the method should be relevant in exon-
intron junctions analyses and in small-scale chromosome walk-
ing.
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