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ABSTRACT

RT-PCR amplification of P450 2C6 from rat liver, using
primers in opposite orientations of exon 6, resulted in

PCR products containing segments of exons joined at
non-consensus splice sites. Moreover, many of the
PCR products identified were composed of not only a
single region containing exonic segments joined at

non-consensus splice sites but, instead, of several
repeats of the non-canonically joined region. To
investigate whether these PCR products represent
pre-existing molecules or are generated during the
amplification process, the liver cDNA template was

replaced by a plasmid containing the P450 2C6 cDNA.

Surprisingly, PCR products containing repeats of
non-canonically joined exonic segments were again
revealed. In some cases the position of this non-
canonical joining was a sequence of one or two
identical nucleotides; however, there were also a
number of products lacking any nucleotide identity at
the position of joining. DNA nicking and/or DNA
damage is thought to favour recombination during
PCR, probably by misalignment of incomplete DNA
strands; however, the presence of multiple repeats of
the recombined region in the PCR products identified
suggests a certain repetitiveness of the underlying
mechanism. It is therefore proposed that these products
result from a template switching event that occurs
several times during a single polymerization step,
following a rolling circle model of DNA synthesis.

INTRODUCTION

terminal dinucleotides does not dictate which spliceosomal
system is being used. Both the U2- and the U12-dependent splicing
systems can be active on GT to AG or AT to AC intréis (

Additionally, it has been found that the order of the exons that
are spliced together may not always follow the same order as in
genomic DNA. Transcripts containing &ons joined together
with 5" exons have been found in several cases, as well as single
exons joined head-to-taib{12). It has been proposed that these
transcripts may represent circular RNA molecules, although the
possibility of some being lineransspliced species has not been
formally excludedin vitro, with the use of splicing extracts, the
detection of exonic RNA molecules with aberrant electrophoretic
patterns, indicative of their circular nature, has been accomplished
(13,14). Most recently, ribozymes have been engineered in a way
that allows production of circular exorss}.

In this report evidence is presented that, during the efforts to
detect RNA transcripts that might not follow the canonical rules
for exon joining, RT-PCR products containing segments of exons
joined at non-consensus splice sites were revealed. However,
these products do not represent pre-existing RNA molecules, but
are rather generated during the PCR amplification process.
Moreover, the mechanism that produces these species appears t
be an inherent template switching ability of the polymerase itself.

MATERIALS AND METHODS
PCR analysis

Total RNA from rat liver was isolated by the guanidinium
isothiocyanate method.§) and subjected to reverse transcription
using random hexamers or oligo dT primers as described before
(12). PCR amplifications were performed using Perkin Elmer’s
model 2400 or 480 thermocyclers, for 1 min &@41 min at the

The splicing process has a unique capability of accurateljesired annealing temperature and 1 min &€7i a total volume
removing intronic sequences from pre-mRNAs. There is af 50pl. The annealing temperature was identical to or at the most
general sequence conservation at the position of intron remoafIC lower than the melting temperature of the oligos. Five units of
with the most pronounced feature being the terminal intronitaq polymerase were used in a buffer containing 50 mM KCl,
dinucleotides. Nearly all introns start with GT and end with AG10 mM Tris, pH 9.0, 0.1% Triton X-100, 2 mM MgQWith

with the exception being a small number of introns that follow af.2 mM of each dNTP. For the nested amplificatiorg, ftom

AT to AC dinucleotide rule 1(,2). Moreover, by mutagenesis the initial amplification reaction was directly used. The PCR
analysis it has been shown that splicing can also occur betwegaoducts were cloned after ligation with the pGEM T vector
additional pairs of terminal dinucleotides GC to AG, GT to AT,(Promega). Sequencing analysis of individual clones, that were
AT to AA and AT to AG B-5). Interestingly, the sequence of the randomly picked, was performed with dye-dideoxy nucleotides
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using the facilities of Cybergene AB (Huddinge, Sweden). Ththan the liver, only a single PCR product was detected. This
inserts of the clones were fully sequenced ensuring that tipeoduct contained a segment of exon 8 joined to a segment of
expected PCR primers were present at the ends. Sequenaix@n 3 at a position with no similarity to a splice consensus.
comparisons were performed using the GCG program of thdoreover, PCR products containing incomplete exons joined

University of Wisconsin. together had previously been detected during amplification of
P450 2C18 from human epidermis with primers in opposite
P450 2C6 plasmid construct orientation of a single exoti?). In addition, when amplification

i .of P450 2C18 was performed using exon 1 sense and exon 9
The P450 2C6 cDNA clone in pGEM T vector that was used iBntisense primers, PCR products containing non-canonically

the experiments of Figuwas generated by PCR amplification 5ined exonic segments were also identified (data not shown).
of rat testicular cDNA with primers 2C6 1F and 2C6 9R.
Sequencing established that there was a nucleotide substitut
(T—C) in exon 7, at position 32 of Figule This represents a
normal mistake made by DNA polymerases, and could easi
have occurred during the 40 cycles of PCR amplification thafo investigate whether the identified RT-PCR products represent
were performed in order to produce detectable amounts of thatte-existing RNA molecules or were generated during the
cDNA. This clone was digested with restriction enzyPvell, RT-PCR amplification process, a cloned P450 2C6 cDNA was
producing one fragment containing mainly insert sequences anded for PCR with the same sets of exon 6 sense and antisense
another containing the remaining of the vector and then purifigatimers, as before. Surprisingly, the cDNA plasmid allowed the
through a Wizard DNA Clean up kit (Promega), prior to theroduction of PCR products that had the same characteristics as the

iQER amplification of cloned P450 2C6 also results in
R/roducts containing repeats of a recombined sequence

amplifications. ones detected during RT-PCR, namely that several repeats of a
non-canonically joined exonic region were present (P#y).
Table 1.Primers used in the PCR amplification experiments However, none of these products was identical to the ones previously
detected during the RT-PCR. When low amounts of plasmid cDNA
2C6, 6f: S ACA GAG ACA ACA AGC ACA A were used for this amplification, recombination at only a single
2C6, 6F (nested)’ RCT GAG ATATGC TCT GTT G position was observed; however products containing varying
2C6, 6r: 5ACA AAT CAG TCA CAG TGATT numbers of repeats of this recombined region were identified. When
2C8, 6R (nested)’ ATA AGT TTT CAA GTG TAAATT C higher amounts of cDNA were used, retimation at several
2C6, 1F: 5TGT TGC TGG TGC TCA CTC TCA different positions was detected (F28). These findings suggest
2C6, 9R: 5AGG CAA ATC CAT TGA AAA CTG GA that the more starting material, the higher the probability for such

an event to occur. Moreover, this observation is also consistent
RESULTS with the fact that cDNA from testis (a tissue that expresses
minimal amounts of 2C6) produced only a single type of

Identification of RT-PCR products containing segments of ~ recombined product, while cDNA from liver (a tissue that

P450 2C6 exons joined at non-consensus splice sites expresses much higher amounts of 2C6) produced a variety of
products that had recombined at different positions.

It has previously been proposed that the process of exon skippingrhe finding that plasmid DNA allows the production of PCR
might be related with the process of joining exons with an ordejodycts containing recombined sequences strongly disfavors the
different to that of genomic DNALQ,12). For that purpose the hossibility that the non-canonically joined products, previously
pattern of expression of P450 2C6 was investigated in rat liver, thtected during RT-PCR, could represent pre-existing RNA
tissue that is known to express the highest amounts of that P4atsjecules or might have been generated during the reverse
Using RT-PCR analysis, with an exon 1 sense and an exorygnscription step. In addition, the absence of any consensus
antisense primers (Tablg, the major product revealed was thesequence or of extensive sequence identity at the positions of
canonically spliced mRNA of nine exons. Moreover, Se‘_/eré]bining suggests that there may not be a critical sequence
exon skipped mRNAs were also detected: form A had skippegteference for these events to occur. In line with this apparent
exons 2, 3, 4 and 5, form B had skipped exons 6 and 7 and folghgom selection’ of the recombination junction is the identification

C had skipped all of these six exons (Fig). Using sets of o gistinct PCR products in each of the amplification experiments
primers in both orientations of exon 6 (Talile efforts were  hat involved the sets of the exon 6 primers.

initiated in order to identify RNAs that might be composed of the

skipped exons. Indeed a large number of PCR products WasscyssioN

generated with the use of these primers (FBy. However, none

of these products was exclusively composed of exons that werbe observation that during the PCR process, products can be

spliced at their expected splice sites. There were always exogienerated containing segments that are not contiguous in the

segments joined at positions bearing no similarity to a canonicahamplified molecules has been noted befaie-19). Thisin

splice site consensus. Moreover, in many cases, these prodwdtt® recombination activity of the polymerase has been attributed to

were not composed of a single non-canonically joined exonimisalignment of prematurely terminated strands with homologous

region but of several repeats of that region (see Talide a  regions in the other strand. The misaligned strand would thus

schematic representation). In one case these repeats reacheddnee as a primer for the generation of a chimeric molecule during

number of four. All of the cloned and sequenced RT-PCHRhe subsequent elongation step. Moreover, DNA nicks would

products from the liver amplification are shown in Figl@ favor thisin vitro recombination because they would allow the
When the same exon 6 primers were used with cDNA from rgiroduction of a population of incomplete strands that would tend

testis, a tissue that expresses much lower amounts of P450 2G6@&nneal at regions of partial homologg), More recently, this



Nucleic Acids Research, 1998, Vol. 26, No. 12845

A 3 2 I C 6F 6R exon 6
i . clones 3,5,16,18,37 > -+ TATGCTCTGTTGCTCCTGCTGAAGTgtccagaggtcacag
A — 83t 6 3 TATGCTCTGTTGCTCCTGCTGAAGTAATTAAGTGGAAGCAG
canonica] mitNA > cgggactttattgattattaccTAATTAAGTGGAAGCAG
o1& 6F 6R  6F 6R exon 5
form A mRENA > clone 1 —» - — <
— SIES06hp 6 {51 6 f5] o
fonm C mRMA Iy
=l 298 bp
6F 6R
exon 6
clone 40 > < TATGCTCTGTTGCTCCTGCTGAagtgtccagaggtcacay
6 6 TATGCTCTGTTGCTCCTGCTGACCTAATTAAGTGGAAGCAG
cgggactttattgattattACCTAATTAAGTGGAAGCAG
6F 6R 6F 6R exon 5
clone 4 — < —> -
6 5] 3 5] 6
6F 6R 6F 6R 6F 6R
clone 28 > < > < »> <
6 5] 6 ST 6 5] 6
6F 6R exon 6
1 — - TATGCTCTGTTGCTCCTgctgaagtgtccagaggtcacag
clones 9,14,20,34 3 3 TATGCTCTGTTGCTCCTATTGATTATTACCTAATTAAGTGGAAGCAG
B 3 9 1 cgggact tTATTGATTATTACCTAATTAAGTGGAAGCAG
6F 6R  6F 6R  6F 6R exon 3
clone 11 > ¢ ) ¢
6§51 6 $5] 6 (5] 6
6F 6R 6F 6R 6F 6R 6F 6R
p— clone 7 —> “«— —> - —» - —> -
P 6 $5] 6 5] 6 ¢ 5] 6 $5] 6
6F 6R
5167506 b clone 13 exon 6
— L p 6 6 TATGCTCTGTTGCTCCTGCTGAAGTgtccagaggt
TATGCTCTGTTGCTCCTGCTGAAGTAAGTGGAAGCAG
6F 6R  6F 6R actttattgattattacctaatTAAGTGGiiggAg
= clone 39 > < > <
— 298 hp 6 {51 6 §5] 6
6F 6R 6F 6R 6
— » < exon
clone 17 < TATGCTCTGTTGCTCCTGCTGAAGTGTCCAGaggtcacag
m TATGCTCTGTTGCTCCTGCTGAAGTGTCCAGCAATCCACATTCGGAATTTAC
gaaaatcaCAATCCACATTCGGAATTTAC
exon 6
6F 6R .
> exon
clone 8 < AGGAAGAGATTgatcgtgtggttggcaaacategea
6 6 AGGAAGAGATTACAAATCCCCGGGACTTTATTGATTATTACCTAATTAAGTGGAAGCAG
cactggatgTTACARATCCCCGGGACTTTATTGATTATTACCTAATTAAGTGGAAGCAG
exon 5
6F
exon 7
clone 10 » -+ AGGAAGAGATTGATCGTGTGGTTGGCAAAcatcgea
6 AGGAAGAGATTGATCGTGTGGTTGGCAAATGTTACAAATCCCCGGGACTTTATTGATTATTAC
cactggATGTTACAAATCCCCGGGACTTTATTGATTATTAC
exon 5
6F 6R 6F 6R
clone 21 — < —» - exon 7
g 5 AGGAAgagattgatcgtgtggttggcaaacatcegea
17551 6 [735] 6 AGGAAAAGCAGGAAAATCACAATCCACATTCGGAATTTAC

taattaagtggAAGCAGGAAAATCACAATCCACATTCGGAATTTAC
exon 5 | exon 6

Figure 1. (A) RT-PCR analysis using primers 1F and 9R on rat liver RNA. The individual lanes on the agarose gel electrophoresimarelasfalibcular weight
markers; 2, RT-PCR products after 30 cycles of amplification with added liver RNA; 3, same as in lane 2 but without d&iditioRam B mRNA (skipped exons

6 and 7) cannot be clearly seen as a distinct band on the gel; however, it has been identified as a clondg) RedBER analysis using primers 6f and 6r and
subsequently primers 6F and 6R on rat liver RNA. The individual lanes on the agarose gel electrophoresis are as folenuarlweight markers; 2, RT-PCR
products after 30 cycles of initial and, subsequently, 15 cycles of nested amplification with added liver RNA; 3, same asbint laithout addition of RNA.
(C) Schematic representation of the structure of the cloned and sequenced RT-PCR products, and sequence of the noninadoeialhsjdrhe exons preceding
and following the non-canonically joined regions (middle lines) are shown above and below, respectively. Bold lettensucldictitkes that are identical in the
junctions and small letters indicate nucleotides that are absent in the non-canonically joined molecules.

model ofin vitro recombination during PCR has been extended This type of template switching recombination, also termed copy
by the observation that recombination at homologous regions celnoice recombination, represents one of the two major models
also take place during a single primer extension &®pThus, proposed to explain genetic exchange, the other being the breaking
during the elongation step, the polymerase along with the extendiagd rejoining model. Although there has been overwhelming
strand has the capability to switch to another template, at a regionsoipport for this latter model as the major mechanism of genetic
partial homology, therefore generating a recombined molecule. recombinationZ2,23), there is still evidence for a role of copy
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Table 2.Schematic representation of the positions of the exon 6 primers choice recombination in some biological processes. For example,
in the P450 2C6 cDNA and general structure of the PCR products identified gayeral po|ymerases inc|uding reverse transcriptasmtﬂrichia

50 bp 6R 6F
— 6r 6f
“—J 5
cDNA exon 5 I exon 6 I
6F 6R
— P
6 5 6 1 ical joining
6F 6R 6F 6R
—> - —> -
PCR products 6 5] 6 5[ 6 2 ical joinings
6F 6R 6F 6R 6F 6R
—> - —» - —» -
6 5 6 5 6 5 6 3 non-canonical joinings
6F 6R 6F 6R 6F 6R 6F 6R
—> - —» - —> - — -
6 5 6 5 6 § 5 | 6 5 6 4 non-canonical joinings

coli polymerases Poll and Pollll have been shown to either switch
templates at regions of extensive homology or to slip between
small direct repeatin vitro (24-28). In vivo, copy choice
recombination events between small repeats has been proposec
to occur in yeast and.coli (29,30). Moreover, template
switching is considered to be the prevailing mechanism of
recombination in RNA viruseS ().

The recombined PCR products that have been identified in this
report contain, in some cases, one or two identical nucleotides (in
fact, only A or T) at their recombination junction. However, there
were also a number of products with no sequence identity at all
in this position. Therefore, partial homology appears not to be a
prerequisite for these events to take place, although it is
conceivable that it might enhance the frequency of occurrence of
such an event. What then would be a plausible mechanism that
could rationalize the production of such molecules? If, for
example the polymerase pauses at certain sites during one PCR
cycle, then during the subsequent cycle the prematurely terminated

The non-canonical joinings are indicated by zigzag vertical lines. Note that,Strands might, by misalignment, serve as primers to generate
although PCR products with different non-canonical joinings were identified, the recombined molecules. However, in order to account for the
non-canonical joinings present in each of the multi-repeat containing moleculesdentification of PCR products that contained several identical

were always identical.

6 5 4 3 2 1

1018 bp

516/506 bp

298 bp

75 bp

B

clones 5',19'

clones 3',17"

clones 8',11"

clone 5%

clones 2*,6*

clone 10*

clones 13*,19*

repeats of the recombined sequence, one would have to assume

exon 7
AGGAAGAGATTGATCGTGTGGTTGGCAAACACCGcageccttgea
6 6 AGGAAGAGATTGATCGTGTGGTTGGCAAACACCGATCCACATTCGGAATTTAC
gaaaatcacaATCCACATTCGGAATTTAC
6F 6R  6F 6R exon 6
6 7 6 | 6
6F 6R  6F 6R  6F 6R
15 —> - —> -«— —> -
' 8 I7 6 7 6 1§ 6
6F 6R 6F 6R exon 6
—> < —> < TATGCTCTGTTGCTCCTGCTGAAGtgtccagaggtcacay
m TATGCTCTGTTGCTCCTGCTGAAGGGAATTTAC
gaaaatcacaatccacattcGGAATTTAC
exon 6
exon 7
AGGAAGAGATTGATCGTGTGGTTGGCAAACACCGCAGeccttgeca
AGGAAGAGATTGATCGTGTGGTTGGCAAACACCGCAGGGAAGCAGGAAAATCACAATCCA
6F 6R 6F 6R taattaagtGGAAGCAGGAAAATCACAATCCA
exon 5 | exon 6
6 7 ¢5] 6 17551 6

exon 7 | exon 8
TACCCAAGGGAACAACAATAataacatcactct
TACCCAAGGGAACAACAATAGACTTTATTGATTATTACCTAATTAAGTGGAAGCAGGAAAATCACAATCCA
tccccggGACTTTATTGATTATTACCTAATTAAGTGGAAGCAGGAAAATCACAATCCA
exon 5 | exon 6

6F 6R

—> <

g T 7 5 -

oF 6R exon 7 | exon 8

— b and CCTAATAcccaagggaacaacaataataacatcactct
6 I 7 ¢5] 6 CCTAATAGGAAAATCACAATCCACATTCGGAATTTAC

ggaagcAGGAAAATCACAATCCACATTCGGAATTTAC
exon 5 | exon 6

Figure 2. (A) PCR analysis using primers 6f and 6r and subsequently primers 6F and 6R on a cloned 2C6 cDNA plasmid. The individdlaélagesose gel
electrophoresis are as follows: 1, molecular weight markers; 2, PCR products after 30 cycles of initial and, subsequelettypP@asted amplification with
1075 x 5 ng of added 2C6 plasmid DNA; 3, same as in lane 2 but wittx1®ng of added 2C6 plasmid DNA; 4, same as in lane 2 but wihx1®ng of added
2C6 plasmid DNA,; 5, same as in lane 2 but with 5 ng of added 2C6 plasmid DNA; 6, same as in lane 2 but with no additmasohi2dTBNA. B) Schematic
representation of the structure of the cloned and sequenced PCR products from lane 3 (lateded\étie 4 (labeled with *), and sequence of the non-canonically

joined regions (same legend as in Fig. 1C).
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exon $ R -5 cxons might be outlined as follows: during a single elongation step, the
A -« extending polymerase may switch template or, even more simply,
5 e just slip back to another position of the original template. This
of slippage event could occur several times during the elongation,
) because the newly synthesized strand, being complementary to the
exonS o ewon6 original template, would stabilize the loop structure that had been
B g g , generated on the slipped template (Bjg.Therefore, following a
Prg 3 rolling circle model of DNA synthesis, several identical repeats of

the recombined region could be produced. In fact, this rolling circle

model of template switching provides a reasonable interpretation
C exon 5 , that is consistent with the finding of the presence of the same type

of repeat and not of combinations of different types of repeats in the
multi-repeat containing PCR products.

Non-homologous recombination events, in a cell-free system,
have also been observed with replicable RNA molec@@s (
However, the mechanism proposed to rationalize these findings

exon 6 was suggested to be a splicing-like transesterification process that
is guided by the secondary structure of the RNA molecule and not
that of a template switching activity of the replicase enzyme. On
exon S , the other hand, since these experiments involved amplification by
replicase in the order of 9 followed by RT and then a two-step
PCR, itis still conceivable that some of the recombined molecules
detected may represent products of copy choice events.

In summary, evidence has been presented in this reporhthat,
vitro, Tagpolymerase has the capability to promote recombinational
exon 6 events that appear to follow a copy choice mechanism and,
moreover, can take place at positions of no detectable homology.
E Given the accumulated evidence that template switching is a

recombination process that may occur with a number of different
6f 6t 6f polymerases, at homologous regions, it could be speculated that
il -« polymerases, in general, might have an inherent capability to slip,
¥ at alow frequency, to a different template or to a different position
or or in the same template, even at non-homologous regions. Although
the exponential increase of newly synthesized DNA during the
PCR process facilitated the detection of such recombined
Figure 3. Proposed mechanism for the generation of PCR products containingnolecules, the frequency of occurrence of these copy choice
several identical repeats of a recombined region. The polymerase initiates DNAvents is apparently quite low. If such phenomena do indeed

synthesis at a specific priming sequence of the original templata B8). At occurin vivo, considerably more effort would be required to
some nucleotide position during the elongation process the polymerase with th@nambiguou,sly identify them

extending strand slips to a downstream nucleotide position of the same templal
and keeps the elongation procédsand C). The loop structure of the template

molecule, that has been generated by the slippage event, is maintained by tWC
complementarity with the newly synthesized strand (C). This growing stran KNOWLEDGEMENTS
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