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ABSTRACT

Errors during the pre-mRNA splicing of metazoan
genes can degrade the transmission of genetic
information, and have been associated with a variety
of human diseases. In order to characterize the muta-
genic and pathogenic potential of mis-splicing, we
have surveyed and quantified the aberrant splice
variants in the human hypoxanthine phosphoribosyl
transferase (HPRT) and DNA polymerase b (POLB)
in the presence and the absence of the Nonsense
Mediated Decay (NMD) pathway, which removes
transcripts with premature termination codons.
POLB exhibits a high frequency of splice variants
(40–60%), whereas the frequency of HPRT splice
variants is considerably lower (�1%). Treatment of
cells with emetine to inactivate NMD alters both the
spectrum and frequency of splice variants of POLB
and HPRT. It is not certain at this point, whether
POLB and HPRT splice variants are the result of
regulated alternative splicing processes or the result
of aberrant splicing, but it appears likely that at
least some of the variants are the result of splicing
errors. Several mechanisms that may contribute to
aberrant splicing are discussed.

INTRODUCTION

The integrity of genetic information is of critical importance
to organisms. However, it is not simply the accumulation of
mutations in genes that matters; it is becoming increasingly
clear that there are serious phenotypic consequences asso-
ciated with reductions in the fidelity of transmission of genetic
information as it flows from DNA. In addition to genetic
mutations, errors in the epigenetic processes that affect this
fidelity, such as methylation, transcription, RNA processing
and translation, can interfere with the steps that transmute
genotype into phenotype (1).

In metazoa, an epigenetic process that is crucial in main-
taining a normal flow of genetic information is the processing
of primary RNA transcripts prior to translation, including the
removal of intronic sequences, a process referred to as pre-
mRNA splicing (hereafter, splicing). The splicing reaction is

carried out by the spliceosome, a collection of five small
nuclear RNAs and >145 proteins (2,3). The fidelity of splicing
is dependent upon an intricate network of RNA–RNA, RNA–
protein and protein–protein interactions, in order to identify
the correct splice sites at the exon–intron junction in the
context of numerous ‘cryptic’ splice sites that resemble the
consensus sequences (4). Moreover, different splice sites
must be selected during alternative splicing that plays an
important role in regulating the temporal and spatial expres-
sion of a large number of genes (5). Indeed the spliceosome
has been referred to as the most complex cellular machine ever
characterized (3).

Remarkably, little attention has been focused on the error rate
of the splicing process and its mutagenic and pathogenic
potential. Splice variants are frequently observed in genetic
studies but they are assumed to be products of legitimate altern-
ative splicing. However, it has become evident that some splice
variants are associated with human pathologies, such as cancer
(6–8), Alzheimer’s (9,10), amyotrophic lateral sclerosis (11),
ataxia telangiectasia (12), cystic fibrosis (13) and other diseases
(14,15). The relationship between splice variants and disease
or senescence has been reviewed recently (14,16).

Clearly, to fully appreciate the role of splice variants
in disease, many questions need to be investigated. What is
the frequency of splice variants in normal, healthy cells? Are
most splice variants generated by a regulated process or are
they generated by splicing errors? What are the molecular
mechanisms that contribute to splicing errors? What types
of endogenous and exogenous processes can interfere with
accurate splicing? What is the genotoxic and pathogenic
potential of splice variants?

In order to address these questions, we have previously char-
acterized exon skipping in the hypoxanthine phosphoribosyl
transferase (HPRT) gene in primary fibroblasts (17). The study
yielded preliminary evidence, which suggests that besides
the splice variants observed, additional variants could be gen-
erated, but were removed by the Nonsense Mediated Decay
(NMD) pathway. NMD detects and removes transcripts with
terminationcodons>50–55ntupstreamfromthe last exon–exon
junction (Premature Termination Codons, PTCs) (18).

In this paper, we report on our studies to estimate the
frequency of HPRT and DNA polymerase b (POLB) splice
variants in the transformed human lymphoblastoid cell line
TK6, the untransformed human lung fibroblast cell line
MRC5, and the untransformed human skin fibroblast cell
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line AG08906 in the presence or absence of the NMD pathway
inhibitor emetine (19). Furthermore, we discuss some of the
mechanisms that can give rise to splice variants.

METHODS

Cell description, source and growth

The following cells were used in the study: (i) MRC5 cells are
untransformed normal fetal lung fibroblasts obtained from the
Coriell Cell Repositories (Repository number AG05965). All
reagents were obtained from Sigma Canada. The cells were
grown in Eagle’s minimal essential medium with Hank’s BSS,
26 mM HEPES, 10% uninactivated fetal bovine serum, 2 mM
L-glutamine at 37�C in 5% CO2. The medium was supplemen-
ted with 1 · 10�1 mM hypoxanthine, 4 · 10�4 mM amino-
pterin and 1.6 · 10�2 mM thymidine to ensure that the cells
maintained a functional HPRT gene. (ii) AG08906 cells are
untransformed skin fibroblasts isolated in the course of Bal-
timore Longitudinal Study on Aging. They were obtained from
Coriell Cell Repositories and were grown as MRC5. (iii) TK6
lymphoblastoid cells were a gift from Dr Howard Liber. The
cells were grown in RPMI 1640 supplemented with 10%
heat-inactivated horse serum (Sigma) at 37�C in 5% CO2.

RNA preparation and reverse transcription

Total RNA was isolated from 5 · 106 cells using the GenElute
total RNA miniprep kit (Sigma). HeLa cell RNA was also
obtained from GibcoBRL. First strand synthesis from 1 mg of
total RNA was performed using the Thermoscript RT–PCR
kit (GibcoBRL) and an oligo(dT)22 primer. Control reactions
were performed in the absence of reverse transcriptase to
exclude the possibility that genomic DNA contamination of
our RNA preparations can template amplification products
(Figure 1).

Detection and quantification of splice variants by
quantitative PCR

The presence of specific POLB and HPRT transcripts with
missing exons was probed using PCR primers complementary
to the exon junction sequences generated by exon-skipping as
described previously (17). The frequency of the splice variants
relative to wild-type (WT) transcripts was estimated using
quantitative PCR. The PCR conditions were as follows:
Eppendorf 1· buffer, 0.15 mM MgCl2, 0.2 mM dNTPs, 1 U
Qiagen Taq polymerase and 200 nM of each primer, one of
which was radioactively labelled with g-32P. The template
concentration used was one-tenth of the first strand sequence
reaction (equivalent to 200 ng of total RNA). Each amplifi-
cation cycle included a denaturation step (92�C for 30 s), an
annealing step (56.5�C for 30 s) and an extension step (74.8�C
for 50 s). The PCR was performed in an Eppendorf gradient
apparatus. Amplification of the WT transcripts and transcripts
with a skipped exon was carried out separately for various
number of cycles and the reaction products were separated in a
6% non-denaturing polyacrylamide gel. The amount of prod-
uct was then quantified using a fluorescent image analyzer
(Fuji FL3000G). The data were analyzed to ensure that
amplification was within the exponential range, were math-
ematically transformed in order to be linearized, and the initial

template concentration was calculated using linear regression.
A cloned copy of the entire HPRT or POLB coding sequence
was used as a template in all reactions as a control for non-
specific amplification. Each quantification experiment was
repeated three times. The York University Core Molecular Bio-
logy and DNA Sequencing Facility performed all sequencing.

Detection and quantification of splice variants by
transcript cloning and sequencing

Transcript cloning involved the reverse transcription of
poly(A) mRNAs to cDNA, the amplification of transcripts
using gene specific primers, and the cloning of the amplified
products into vectors. Oligo(dT)_ primed cDNA, synthesized
from total RNA as described above, was amplified using gene-
specific primers. The PCR product was purified using spin
columns (microcon-PCR; Millipore) and it was then ligated
into the vector pGEM-T Easy kit (Promega). Blue/white col-
ony screening was performed as per vendor’s instructions and
each white colony was then picked into 100 ml of distilled
water and heated to 97�C to lyse. The lysed colony was then
used as a template (2 ml) for the amplification of POLB or
HPRT sequences. PCR products were then analyzed by
electrophoresis and sequencing.

RESULTS AND DISCUSSION

POLB and HPRT as indicators for splice
variant diversity

POLB is an excellent indicator locus for studying splice
variants for several reasons. POLB is considered a

Figure 1. POLB amplification from different TK6-derived templates. Lane A
shows the size marker. Lane B shows lack of amplification from mock cDNA
reaction without RT. Lane C shows lack of amplification from genomic DNA.
Lane D shows successful amplification from oligo(dT) primed cDNA template.
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‘housekeeping’ gene with an even expression profile of
�6 mRNA molecules per cell throughout the cell cycle
(20). POLB is, however, inducible under certain circum-
stances such as oxidative stress, or caloric restriction
(21,22). Multiple POLB splice variants have been observed
in many cell types, including cancer cells (23,24). Some
of these variant transcripts may be translated into protein,
which could then compete with the WT protein as
dominant-negative mutants. Indeed, there have been reports
that a POLB splice variant missing exon 11, codes for a
dominant-negative protein that may be present with elevated
frequency in some tumors (24,25). Since POLB is a key
enzyme in DNA repair, any perturbations in its expres-
sion or function can lead to increased mutation frequency
and genomic instability. In order to be able to detect
pathology-associated changes in the splicing patterns, it is
necessary to survey splice patterns in healthy cells of different
lineages. Consequently, we have characterized POLB tran-
scripts in TK6 lymphoblastoid cells and MRC5 fibroblasts,
using both transcript cloning and splice variant-specific
quantitative PCR.

HPRT also offers several advantages as a genetic marker
for the investigation of splicing fidelity. It is located in the
X chromosome and therefore, human cells are functionally
hemizygotic for the locus. It is also considered a ‘house-
keeping’ gene, with an even expression profile, but unlike
POLB it has not been shown to be subject to expression
induction. Moreover, selection schemes exist for both the
presence and absence of functional HPRT alleles, thus,
enabling the elimination of cells with DNA mutations that
affect splicing. Finally, HPRT has been used extensively as a
mutagenesis indicator locus, so there exists a large database
of mutations and a great deal of information about splice
mutants (26).

POLB splice variants in TK6, MRC5 and
AG08906 cells

In TK6 cells, sequence analysis of 87 POLB cloned transcripts
revealed that 59.8% were WT, with the remaining 40.1% of
the transcripts comprising eight different splice variants, gen-
erated by either intron inclusion or exon skipping events
(Table 1). Among the transcripts that retained intronic
sequences was a splice variant retaining 105 nt of intron 6
(Table 2). This variant has been previously observed and the
intronic sequence has been termed exon a (23). This splice
variant represented 4.6% of POLB transcripts observed, and is
capable of encoding a protein which, however, does not have a
polymerase function (23). The most frequently observed splice
variant was exon 2 skipping, which represented 13.8% of all
transcripts. Exon 11 skipping represented 10.4% of all tran-
scripts and those two variants jointly accounted for over
60% of the observed splice variants.

Similar types of splice variants were identified in the
sequence analysis of 76 POLB transcripts in MRC5 cells

Table 1. POLB splice variants in TK6 cells characterized by transcript cloning

POLB splice variants PTC Putative protein Splice variant frequency (%)a Splice variant frequency relative to WT frequency (%)b

length (amino acids) Untreated
TK6

Emetine-treated
TK6

Untreated
TK6

Emetine-treated
TK6

Intron retention
� exon a No 370 4.6 4.7 7.7 9.5
� exon b Yes 193 0 11.8 0 23.8
� exons a and b Yes 228 0 2.4 0 4.8

WT No 335 59.8 49.4 100 100
Exon skipping

D exon 2 Yes 26 13.8 9.4 23.1 19.0
D exons 2 and 3 Yes 28 0 1.2 0 2.4
D exons 2 and 11 Yes 26 0 1.2 0 2.4
D exons 2, 3 and 11 Yes 28 0 4.7 0 9.5
D exons 2, 11–13 Yes 26 1.1 0 1.9 0
D exons 2–13 No 51 0 1.2 0 2.4
D exon 4 No 310 1.1 0 1.9 0
D exons 4 and 5 Yes 96 0 1.2 0 2.4
D exons 4–11 No 161 2.3 0 3.8 0
D exons 4–11 and 13 No 93 0 1.2 0 2.4
D exons 4–13 No 115 0 2.4 0 4.8
D exon 11 No 306 10.3 5.9 17.3 11.9
D exons 11–13 No 261 2.3 2.4 3.8 4.8
D exons 12 and 13 No 290 4.6 0 7.7 0

aThis value is calculated according to the formula frequency = (number of observations of the splice variant/total number of transcripts analyzed) · 100.
bThis value is calculated according to the formula frequency = (number of observations of the splice variant/number of observations of the WT) · 100.

Table 2. Retained intronic sequences in POLB splice variants

Name Sequence (numbering according
to GeneBank entry AF491812)

Exon a
(partial intron 6)

ag-17032-GCT CAC AGC TGG ATT CAT
GCC CAG TAA AGG GAC ACC TGA
ATG GAA CTG AGT CAC TTT TAG
ACT TAA TAT GGG ATG TTA TGA CAA
TTC TTA AGT TAA AAA ATG CAG-17136

Exon b
(partial intron 9)

ag-23714-ATT CTG CTG TCT ACA
TCA ATA CAC CTG AAT AGT TGG ACA
GAA AAT TGA AAT CTT TTA ACT AAT
TCT AAC TAT GAA GCA CAG TGA AAT
AGA AAG TTA GGC TGT AAG AA-23820
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(Table 3). The frequency of WT transcripts was 44.7%, which
is lower than the WT frequency in TK6 cells. With the
exception of exon 4 to 10 skip, which was only detected
in MRC5, the splice variants observed in MRC5 were also
detectable in TK6. The lower frequency of WT transcripts
was accompanied by a significantly elevated frequency of
exon 2 skip. (Fisher Exact Test, P = 0.0233 for exon 2 skip.)
High frequency of exon 2 skip was also observed in the
analysis of 56 POLB transcripts in another untransformed
fibroblast cell line, AG08906 (Table 4). In AG08906, exon
2 skip accounted for 32.1% of the transcripts. It is not clear at
this point whether the higher frequency of exon 2 skip in the
untransformed skin and lung fibroblasts relative to TK6 is due
to the differences in tissue type or the transformation status.

To eliminate the possibility that a DNA mutation was
responsible for the skipping of exon 2, we sequenced the
genomic sequences of intron 1 and exon 2 of 31 different
MRC5, TK6, and, AG08906 isolates. Indeed, there were no
genomic DNA mutations detected.

Analysis of the exons skipped in the splice variants revealed
a distinct pattern. Most of the splice variants were generated by
skipping exons 2, 4 or 11, alone or in combination with other
downstream exons. This implies that the majority of splice
variants are generated by the use of alternative acceptor splice
sites instead of those at introns 1, 3 or 10. Consequently, we

investigated whether the strength of these splice sites could
account for the observed pattern and the results will be
discussed below.

Interestingly, exons 4 and 11 are the only exons that can
be skipped without generating a premature termination codon
(PTC). In fact, only two of the eight splice variants observed,
contain PTCs. Both exceptions involved exon 2 skipping,
which generates a frameshift and a PTC after encoding
26 amino acids. This would imply that the exon 2-skip splice
variant may evade the NMD pathway by some not yet known
mechanism. It has been suggested to us that the transcript may
evade detection by translation re-initiation downstream of
exon 1 as seen in other genes (C. Valentine, personal com-
munication). The most likely alternative translation initiation
site is 463 nt downstream of the legitimate initiation site in
exon 8. Re-initiation from this site would result in a truncated
protein of 181 amino acids, missing the N-terminus including
the 8 kDa domain. Alternatively, there may simply be a read-
through of the PTC generated by exon 2 skipping, achieved by
codon skipping, frame-shifting or utilization of suppressor
tRNA (J. Kranz, personal communication).

Since most of the POLB splice variants detected do not
contain PTCs, the question arises whether the observed pattern
of splice variants is the result of a regulated process or the
effect of the action of the NMD, which removes most splice
variants with PTCs. To address this question, we investigated
POLB splice variants in TK6 and MRC5 treated with emetine
that blocks translation and, therefore, abolishes the translation-
dependent NMD pathway.

Sequence analysis of 85 POLB transcripts from emetine-
treated TK6 cells, revealed that in the absence of NMD, the
spectrum of splice variants was different from that in the
untreated cells. The relative frequency of the WT transcript
was reduced from 59.1 to 49.4%, and most importantly, new
splice variants containing PTCs were now detectable. Two
of the new splice variants are involved in intron retention.
A splice variant was observed retaining nucleotides 23714–
23820 of intron 9 based on the numbering of POLB GenBank
entry AF491812. We termed this sequence exon b, according
to previous practice. Exon b inclusion is the most frequent
(11.8%) splice variant in TK6 with inactivated NMD and this

Table 3. POLB splice variants in MRC5 cells characterized by transcript cloning

POLB splice variants PTC Putative protein Splice variant frequency (%) Splice variant frequency relative to WT frequency (%)
length (amino acids) Untreated

MRC5
Emetine-treated
MRC5

Untreated
MRC5

Emetine-treated
MRC5

Intron retention
� exon a No 370 6.6 5.4 14.7 14.3
� exon b Yes 193 0 8.1 0 21.4
� exons a and b Yes 228 0 2.7 0 4.8

WT NO 335 44.7 37.8 100 100
Exon skipping

D exon 2 Yes 26 26.3 18.9 58.8 50.0
D exons 2, 3 and 11 Yes 28 0 5.4 0 14.3
D exons 2, 11–13 Yes 26 0 5.4 0 14.3
D exon 4 No 310 3.9 2.7 8.8 7.1
D exons 4–10 No 190 1.3 0 2.9 0
D exons 4–13 No 115 0 2.7 7.1
D exon 11 No 306 14.5 8.1 32.4 21.4
D exons 11–13 No 261 2.6 2.7 5.9 7.1

Please see notes in Table 1.

Table 4. POLB splice variants in AG08906 cells characterized by transcript

cloning

POLB splice variants PTC Splice variant
frequency (%)

Splice variant frequency
relative to WT
frequency (%)

Intron retention
� exon a No 8.9 23.8

WT No 37.5 100
Exon skipping

D exon 2 Yes 32.1 85.7
D exon 4 No 7.1 19.0
D exon 11 No 10.7 28.6
D exons 11–13 No 3.6 9.5

Please see notes in Table 1.
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is significantly different inform the NMD proficient TK6
(Fisher Exact Test, P = 0.0016). Exon b was also recovered
in a splice variant in combination with exon a. Unlike exon a,
exon b inclusion changes the reading frame and introduces a
PTC. This would explain why this splice variant is undetect-
able in NMD proficient cells. As in TK6, analysis of 31 POLB
transcripts from emetine-treated MRC5 revealed an increased
frequency of splice variants containing PTC (Table 3), indic-
ating that the phenomenon is not tissue specific.

Overall, emetine treatment revealed several splice variants
containing PTC, but it does not seem to significantly affect the
relative frequency of the most prominent splice variants. In
TK6, there were seven splice variants with PTC observed
in emetine-treated cells versus two in the untreated cells, both
involving exon 2 skip (Tables 1 and 3). This is most likely
because emetine inactivates NMD and reveals splice variants
normally destroyed. We cannot formally exclude the possib-
ility that emetine treatment affects the splicing pattern of
POLB, but we consider this extremely unlikely since the
new variants all contain PTC. The spectrum of splice variants
without PTC was different in emetine-treated and untreated
TK6. Of the nine such variants observed in TK6, only three
were found in both (Table 1). However, none of the differences
was statistically significant. Considering that most of these
splice variants were relatively rare, the different splice patterns
of non-PTC containing variants suggests that the diversity of
POLB splice variants is even greater than our sampling was
able to characterize and thus an exhaustive cataloging of
POLB splice variants would require the analysis of a huge
number of transcripts. It should be noted that, some of the
transcripts observed repeatedly in a study investigating POLB
splice variants in bladder cancer study were not detected in
our study, even though we characterized many more splice
variants (24). The splice variants observed in bladder cancer
often contained PTC, and although the authors do not com-
ment on it these observations suggest that NMD defects may
play a role in bladder cancer.

As indicated above, it is likely that the spectrum of POLB
spice variants is very broad and includes rare transcripts
with combinations of multiple exon skipping and intron
retention. Consequently, we do not believe that our survey
exhaustively detected all POLB splice variants generated
even in a single cell type as TK6. In order to ensure that
we have detected all POLB splice variants generated by
single exon skipping in TK6, we used specific primers
and quantitative PCR.

The only POLB variants detected with this method were
exon 2 skip, exon 4 skip and exon 11 skip with frequency
relative to WT frequency of 19 – 1%, 2 – 2%, and 8 – 1%,
respectively, all previously observed with comparable fre-
quencies using transcript cloning. It is important to note
that the splice variant frequency calculated using the quantit-
ative PCR method is relative to the WT transcript frequency
and not relative to the total number of transcripts as in tran-
script cloning. If there are several splice variants generated as
in POLB the difference is significant. Consequently, the quant-
itative PCR method yields less information than direct tran-
script cloning. Nonetheless, as it is clear below, quantitative
PCR is very useful in that it can easily detect relatively rare
transcripts, whereas direct cloning would require the analysis
of thousands of clones for equivalent sensitivity.

HPRT splice variants in TK6 and MRC5 cells

In TK6 cells, sequence analysis of 100 POLB cloned tran-
scripts revealed that 99 were WT and one (1%) was a splice
variant missing exons 2 and 3 (Table 5). Similar analysis of
109 transcripts in MRC5 revealed one splice variant missing
exon 8 (0.9%). None of the splice variants contained PTCs. It
is evident that the frequency of HPRT splice variants is much
lower than POLB.

The reduced frequency of HPRT splice variants makes tran-
script cloning an unproductive methodology for the study of
splice variants. Consequently, HPRT splice variants were stu-
died using quantitative PCR and specific primers, taking
advantage of the extensive available information about
HPRT splice sites, and our previous work in characterizing
HPRT splice variants in primary fibroblasts (17).

HPRT has been frequently used in mutagenesis studies and
there exists a large mutation database (26). Analysis of the
database enabled the detection of six cryptic splice sites, which
are used by the spliceosome when the legitimate sites are
damaged by mutations (26). Use of the cryptic sites results
in transcripts with partial intron inclusions, or partial exon
skipping (Table 6). Exploiting this information, we investi-
gated whether some of these splice sites are also used
spontaneously, in the absence of mutations. Specifically, we
investigated the presence and relative frequency of eight exon

Table 5. Frequency of HPRT splice variants characterized by transcript

cloning in TK6

Cell type HPRT splice
variants

Splice variant
frequency (%)

Splice variant
frequency
relative to WT
frequency (%)

PTC

TK6 WT 99.0 100 No
D exons 2 and 3 1.0 1.0 No

MRC5 WT 99.1 100 No
D exon 8 0.9 0.9 No

Table 6. HPRT cryptic splice sites

Legitimate splice site Cryptic splice site Splice variant

Cryptic donor splice sites
Intron

1* GTG/g1704tgagc cag1752/gtggcg Inclusion of 1–49
of intron 1

5* GAA/g31635taagt Aag31701/gtaagc Inclusion of 1–67
of intron 5

Cryptic acceptor splice sites
Exon

2 tttcag14779 /A28TT TAG32 /T Skip 28–32 of
exon 2

4* aactag27890 /A319AT CAG327 /T Skip 319–327
of exon 4

8* ttttag40032 /T533TG CAG553 /A Skip 533–553
of exon 8

9* ttatag41453 /C610AT TAG626 /T Skip 610–626
of exon 9

Data adapted from (26). Lowercase indicates intron sequences, uppercase indi-
cates exon sequences, and / refers to an intron/exon boundary. Numbers in italic
refer to cDNA numbering (base 1 is the A in the AUG initiation codon). All other
numbers refer to genomic numbering (26).
*Indicates cryptic sites investigated in this study.
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skipping events, three partial exon skipping events and two
intron inclusion events for a total of 13 HPRT splice variants
(Tables 6 and 7). Of the 13 HPRT splice variants investigated,
we detected five: a combined exon 2 and 3 skipping, exon 4
skipping, exon 7 skipping, exon 8 skipping and partial exon 8
skipping (Table 7). None of these transcripts contained a PTC.
The partial skipping of exon 8 appears to be generated by the
use of an illegitimate splice acceptor site. The site has been
previously shown to be used when the legitimate site or nearby
sequences have been affected by mutation. This, however, is
the first report of the site being used spontaneously. The
frequency of the five HPRT splice variants detected is listed
in Table 7. Exon 8 was the most frequently affected exon; fully
or partially skipped, it had a frequency relative to the WT
transcript of 1.1%.

In HPRT, as in POLB, it appears that several splice variants
are eliminated by NMD. In emetine-treated MRC5, the spec-
trum of aberrant transcripts was dramatically different. We
detected nine splice variants (Table 7), including four contain-
ing PTC and not seen in untreated MRC5. The frequency of the
splice variants without PTC was not affected by emetine treat-
ment. There was an unexpected transcript with a complex spli-
cing pattern among the new splice variants, which has not been
reported before. This variant, which we detected using the pri-
mers designed to detect intron 5 inclusion, contains the first
2 bases of intron 5 and is missing the first 52 bases of exon 6.
It has a junction sequence of -gtAG- where gt is the putative
intronic sequence and AG the putative exonic sequence. How-
ever, the intron 5 nucleotides 1–4 are gtaa and the exon 6
nucleotides 50–54 are GGCAG. Consequently, it is not possible
to assign the A to the intron or the exon unambiguously.

Mechanisms generating splice variants

The data presented above, in addition to many reports in
the literature, indicate that splice variant production is a

widespread phenomenon. For example, NF1 is reported to
produce over 46 splice variants (27). There is also a strong
evidence that NMD can detect and remove splice variants
containing PTC and may be crucial in preventing the cell’s
translation machinery from being overloaded with unproduct-
ive and even deleterious transcripts. Splice variants represent
�40% of all POLB transcripts and �1% of HPRT transcripts
in both TK6 and MRC5. The frequency increases to �50% for
POLB in emetine-treated cells and to �2% for HPRT in TK6.
As discussed above, since our survey was not exhaustive, it is
likely that the diversity and frequency of splice variants may
be even higher.

It is not certain at this point whether POLB and HPRT splice
variants are the result of regulated alternative splicing pro-
cesses or the result of aberrant splicing. It is tempting to
speculate that these splice variants serve some function in
the cell, but clearly most of these splice variants cannot
code for a polymerase function (POLB) or a functional trans-
ferase (HPRT). Perhaps RNA of the splice variants has a
regulatory role. At this point we are faced with two equally
unlikely conclusions: either the multiple splice variants, some
of which contain PTC and will be eliminated quickly by NMD,
serve a cellular function, or the cell can tolerate a splicing
process, which generates frequent splicing errors. The choice
between the two alternatives is far from clear. What possible
function can tens of low frequency splice variants can have?
On the other hand if most POLB and HPRT splice variants are
indeed the result of aberrant splicing, then several questions
arise. How can the cell tolerate such high frequency of aberrant
splice variants as that seen in POLB? Could aberrant splicing
itself have an adaptive value, perhaps by facilitating the evolu-
tion of new genes? Moreover, what mis-splicing mechanisms
can account for the differences in splice variant frequency
among different genes and also explain why some exons,
such as exon 8 of HPRT or exon 2 of POLB appear more
vulnerable to mis-splicing than other exons?

Even though the question of the function of splice variants is
not yet settled, it appears likely that at least some variants are
the result of aberrant splicing. How then could these aberrant
splice variants be generated? The hypothesis that transcripts
with skipped exons are the result of an active mechanism,
which detects premature stop codons and directs the skipp-
ing of the exon containing the stop codon sequence (28) is
not supported by our data. In our opinion, there are four
mechanisms capable of generating aberrant splice variants:
(i) stochastic spliceosome errors in splice site recognition.
(ii) Errors by the machinery regulating alternative splicing.
(iii) Misincorporation errors by RNA polymerase II (POL II)
during transcription. (iv) Splice site selection errors due to
transcriptional pausing at DNA lesions. We discuss each of
them in turn.

First, spliceosome error is the most obvious mechanism for
mis-splicing and perhaps the most difficult to evaluate. Splice
site selection by the spliceosome is a very complex process
that is not fully understood. Nevertheless, as a first approx-
imation, it can be argued that if mis-splicing relates predomi-
nantly to errors by the spliceosome in discriminating between
legitimate and illegitimate splice sites, then the relative
strength of the splice consensus sequences is of paramount
importance, with the most errors occurring at the weakest sites.
As stated above, we have investigated this hypothesis by

Table 7. HPRT splice variants characterized in MRC5 by quantitative PCR

Splice variant PTC Splice variant
frequency
relative to
WT frequency
in MRC5 (%)

Splice variant
frequency relative
to WT frequency
in emetine-treated
MRC5 (%)

Complete exon skipping
2 Yes 0 0
3 Yes 0 0.2 – 0.3
Exons 2 and 3 No 0.4 – 0.2 0.6 – 0.4
4 No 0.2 – 0.3 0.1 – 0.3
5 No 0 0
6 Yes 0 0.4 – 0.5
7 No 0.1 – 0.3 0.1 – 0.3
8 No 0.8 – 0.2 0.7 – 0.3

Partial exon skipping
4 No 0 0
8 No 0.3 – 0.5 0.3 – 0.4
9 Yes 0 0

Partial intron inclusion
1 Yes N/Da N/Da

5 Yes 0 0.6 – 0.3
Complex event

Intron 5 and exon 6 Yes 0 0.1 – 0.3

aUnable to determine.
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examining the strength of the splice sites involved in the
skipped exons in HPRT and POLB in our data. Exon skipping
involves the illegitimate use of an alternative upstream
30 acceptor splice site. The strength of the acceptor sites
has been evaluated using an information-theory based analysis
model (4,29) that evaluates the information content of the
splice sites and expresses it in bits (Ri). According to this
model, the mean Ri value for splice acceptor sites (28 nt) in
humans is 9.35, representing the average amount of informa-
tion required for splicing. The information content of POLB
and HPRT exons has been estimated previously (24,26). Inter-
estingly, exon 8, one of the most frequently skipped exons in
the HPRT has a particularly low-scoring acceptor site Ri of 2.8,
the weakest acceptor site in HPRT. The alternatively used
acceptor in the complete skipping has a higher score,
Ri = 8.5, even the cryptic acceptor used in the partial skipping
has an Ri of 3.4. In POLB, exon 2 skipping by itself also
involves a stronger acceptor splice site. The exon 2 acceptor
site has an Ri of 11.1, whereas the exon 3 acceptor has an Ri

of 15.6. Other exon skipping events, however, do not fit this
pattern. For example, in the skipping of exon 3 in HPRT,
the acceptor used has an Ri of 10.0 but the legitimate acceptor
has an Ri of 11.3. In the skipping of exon 11 in POLB, the
acceptor site used has an Ri of 3.0, but the legitimate acceptor
has an Ri of 6.6. On the other hand, mutation spectra using the
HPRT as indicator target have demonstrated that DNA lesions
are not distributed evenly across the gene, but often cluster on
specific exons such as exon 3 and exon 8 (30). Further insights
into the strength of splicing signals could be gained by estim-
ating the strength of exonic enhancers. Exonic enhancers have
been studied in HPRT, but unfortunately no data about their
relative strength is available (31). According to this analysis,
the strength of the splice sites influences splicing fidelity but
is not sufficient to explain and predict all of the observed
aberrant splice variants.

Second, a role for the alternative splicing machinery in
aberrant splicing is supported by several lines of evidence.
In the adenovirus E1A pre-mRNA splicing reporter system
in mouse and green monkey cells, it was shown that cellular
exposure to osmotic stress resulted in abnormal splicing
patterns in genes by influencing the sub-cellular distribution
of heterogeneous nuclear ribonucleoprotein A1, a splicing
factor that can regulate alternative splicing in vitro and
in vivo by antagonizing the serine–arginine family of pro-
teins (32). A variety of aberrant transcripts were detectable in
the affected tissues but not in other tissues. Similarly, in
sporadic Alzheimer’s disease an aberrant splicing variant
of Presenillin-2 (PS2), missing exon 5, was shown to be
preferentially expressed and it was suggested that the tran-
script is a diagnostic feature of the disease (10,33). It was
translated to protein, and led to an increased production of
Ab protein. Intriguingly, it has been recently reported that
exon 5 skipping in PS2 can be induced by hypoxia (9). The
effect was mediated by the hypoxia-induced activation of a
trans-acting factor, HMGA1a, which binds the PS2 transcript
at exon 5 (9). This is a very significant observation since
hypoxia is frequently a feature in tumors.

Third, misincorporation errors by POL II during transcrip-
tion, which destroy the splice sites, may also result in aberrant
splicing. It is difficult to calculate directly how large a muta-
genic target the regulatory splice sequences represent, because

their consensus is quite loosely conserved and many mutations
are tolerated. Therefore, the effective size of the splice
sequences as mutagenic targets by POL II errors is likely to
be smaller than the actual size of the consensus sequences.
Moreover, it is quite difficult to estimate the correct size of the
exonic splicing enhancers. Consequently, we have attempted
to estimate the effective size of splice sequences according to
mutagenic studies. Since 15% of DNA mutations of the HPRT
gene lead to mis-splicing (26,29), and the HPRT coding
sequence is 657 bp long, we have estimated that the effective
size of the sequences affecting splicing is 100 bp (assuming
that each base has an equal probability of mutating). This
analysis indicates that splice consensus sequences represent
a smaller mutagenic target than it would be calculated by
simply adding their length. We have estimated that the
reported RNA polymerase II misincorporation rate of
�2.8 · 10�4 (34) is sufficient to account for the observed
frequency of HPRT splice variants, but not the frequency
of POLB splice variants.

Finally, additional mis-splicing may result from transcrip-
tional pausing in front of DNA lesions. Indeed, it has been
shown that transcription and splicing are intimately coordi-
nated and that pausing or even slow processivity by POL II,
affects splicing fidelity (35). A link between splicing fidelity
and POL II fidelity and processivity is particularly interesting,
because it would imply a link between DNA repair and
splicing fidelity. Therefore, increased levels of DNA lesions
or a reduced rate of repair would result in increased frequency
of aberrant transcripts, either because of mutagenic by-pass or
pausing by POL II while repair is effected. Indirectly support-
ing such a relationship are reports that human cells, which are
missing functional p53, exhibit a higher frequency of aberrant
transcripts (36,37). Intriguingly, it has also been demonstrated
that p53 is required for transcription-coupled excision repair
(TCR) and therefore, p53-deficient cell lines would be rela-
tively slow in removing DNA lesions from the transcribed
strand (37).

In conclusion, it appears that splicing generates a large
number of splice variants whose function is not yet known
and it is likely that some of them are the result of mis-splicing.
As discussed above, several different mechanisms may
contribute to mis-splicing. This has important implications
in evaluating the role of splice variants in disease, as well as
implications in our attempts to understand the observed dif-
ferential frequency of the various splice variants. However, no
single mechanism can explain as yet, all the splice variants
observed, but we believe that estimating the relative contribu-
tion of the various processes that affect splicing fidelity will be
crucial in evaluating the role of splicing in disease and aging.
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