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a  b  s  t  r  a  c  t

The  HPV-16  E6/E7  genes,  which  contain  intron  1, are  processed  by  alternative  splicing  and  its transcripts
are  detected  with  a heterogeneous  profile  in  tumours  cells.  Frequently,  the  HPV-16  positive  carcinoma
cells  bear  viral  variants  that contain  single  nucleotide  polymorphisms  into  its  DNA  sequence.  We  were
interested  in  analysing  the  contribution  of this  polymorphism  to  the  heterogeneity  in  the pattern  of
the  E6/E7  spliced  transcripts.  Using  the  E6/E7  sequences  from  three  closely  related  HPV-16  variants,  we
have shown  that  a few  nucleotide  changes  are  sufficient  to  produce  heterogeneity  in  the splicing  profile.
Furthermore,  using  mutants  that  contained  a single  SNP,  we  also  showed  that  one  nucleotide  change
was  sufficient  to reproduce  the  heterogeneous  splicing  profile.  Additionally,  a  difference  of  two  or  three
SNPs among  these  viral  sequences  was  sufficient  to recruit  differentially  several  splicing  factors  to  the
polymorphic  E6/E7  transcripts.  Moreover,  only  one  SNP  was  sufficient  to alter  the  binding  site  of at  least
one splicing  factor,  changing  the  ability  of splicing  factors  to  bind  the  transcript.  Finally,  the  factors  that
were  differentially  bound  to  the short  form  of  intron  1  of  one  of  these  E6/E7  variants  were identified  as
TIA1  and/or  TIAR  and  U1-70k,  while  U2AF65,  U5-52k  and  PTB  were  preferentially  bound  to  the transcript
of  the  other  variants.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Human papillomaviruses (HPV) are small DNA viruses that
infect mucosal and epithelial tissues (zur Hausen, 2008). They are
classified as different HPV types if the DNA sequences of the L1
gene vary by more than 10%, as subtypes if they vary between 2
and 10% and as intratypic variants when differences are less than
2% (reviewed in de Villiers et al., 2004). They are also grouped as
low- or high-risk (h) viruses according to the frequency in which
they are detected in tumour samples. Although almost two hundred
HPV types have been described, only 30–40 of them are consid-
ered high risk agents of cervical and oral cancers. Strikingly, HPV
type 16 (HPV-16) is detected in 50–60% of cervical cancer sam-
ples. As a result, HPV-16 is considered to be the major risk agent
for cervical cancer (Walboomers et al., 1999). Additionally, hrHPV
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variants are grouped based on the geographical origin of their iso-
lates and are designated as: European (E) or Asian (As) variants, and
so on. HPV-16 variants differ in a number of viral genes, including,
but not limited to, E6, E7, E2 and L2. HPV-16 E6/E7 variants have
been described in great detail (Ho et al., 1991; Chan et al., 1992).
The expression of the E6 and E7 genes from hrHPV induces cellular
immortalisation and transformation (Münger et al., 1989; Hawley-
Nelson et al., 1989). Therefore, the polymorphic E6/E7 genes might
differ in their oncogenic potential (Lichtig et al., 2006) or their
capacity to deregulate human keratinocyte apoptosis or differen-
tiation (Zehbe et al., 2009). Thus, the HPV-16 variants may  differ
in their risks of producing high-grade cervical intraepithelial neo-
plasias (CIN) or cervical cancer (Xi et al., 2007; Zuna et al., 2009).
HPV-16 E6/E7 variants are designated by adding one of the sin-
gle nucleotide polymorphism (SNP) changes to the identification
of the regional origin. For example, the short name of one variant
of the European prototype is HPV-16 E-G350 (Zehbe et al., 1998a),
with “G350” indicating the SNP change (T350G) with respect to the
European prototype HPV-16 sequence (HPV-16 R) that is used as a
reference (Yamada et al., 1997). Some of the SNPs in these variants
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cause amino acid changes that affect the biological functions of the
E6 oncoprotein (Stöppler et al., 1996; Asadurian et al., 2007; Lichtig
et al., 2006). So, variants are more prevalent in carcinomas than
HPV-16R, with the most prevalent being HPV-16 E-G350 (Zehbe
et al., 1998b).

The HPV-16 E6/E7 genes, which contain intron 1, are pro-
cessed by alternative splicing (AS). The products of the E6/E7 genes
are widely observed in cervical tumour cells (Baker et al., 1987;
Smotkin et al., 1989), but the E6/E7 transcripts are expressed with
heterogeneous profiles in most of the tumours and cervical cancer-
derived cell lines (McNicol et al., 1995; De la Rosa-Ríos et al., 2006).
Intron 1 is processed by the cellular splicing machinery and pro-
duces four transcripts. During splicing, introns are removed by a
two-step mechanism catalysed by a large RNA and multi-protein
complex known as the spliceosome (reviewed in Sharp, 1994). This
multi-protein complex is comprised of five small nuclear ribonu-
cleoprotein complexes (U1-, U2-, U4-, U5- and U6 snRNPs) and at
least one hundred accessory or auxiliary proteins that are involved
in altering positively or negatively the recognition of sequences
that are important for splicing. Interestingly, the mechanism by
which the intron 1 is alternatively spliced is special because a rem-
nant of the unspliced E6/E7 pre-mRNA (E6/E7pre-mRNA) is expressed
as one of the mature transcripts. A similar mechanism has been
observed in HIV and herpesviruses (Dyhr-Mikkelsen and Kjems,
1995; Zabolontny et al., 1997). Such a mechanism may  be essen-
tial to preserve the coding potential of the viral primary transcript.
As is the case with other small viruses, HPV-16 intron 1 has a
complex structure, which is comprised of a single splicing donor
site (SD), one single branch point sequence (BPs) and three alter-
native acceptor sites (SA-A to C). The three SA sites yield three
alternative transcripts in addition to the unspliced E6/E7pre-mRNA,
including E6*I/E7, E6*II/E7 and E6Ê7 (Milligan et al., 2007; Del
Moral-Hernández et al., 2010), increasing the E6/E7 coding poten-
tial from three to five proteins, with respect to other hrHPVs. The
mechanism by which heterogeneity in the expression of the HPV-
16 E6/E7 alternative transcripts is produced is not yet understood;
however, evidence from our lab indicates that such heterogene-
ity is produced by the differential use of acceptor sites within
intron 1 (Del Moral-Hernández et al., 2010). Although the exact
mechanism for the selection of acceptor sites in intron 1 is widely
unknown, mainly because most of the spliceosome accessory fac-
tors involved in recognition and regulation of the different acceptor
sites are largely unknown; the sequence changes observed in the
HPV-16 variants may  also contribute to the production of a dif-
ferential splicing profile. Therefore, it is interesting to analyse
the impact of single nucleotide polymorphisms (SNPs) within the
E6/E7 genes from HPV-16 variants, on the AS of intron 1. The
SNP within intron 1 that have been characterised so far are not
located on splice sites. Conversely, these changes are localised in
sequences that are upstream from the donor and acceptor sites.
Therefore, some of the SNPs in the HPV-16 isolates could lie in
sequences, which may  affect the selection of these splicing sites. As
a result, these few SNPs on the E6/E7 splicing profile merit careful
analysis.

In this paper, we used three closely related HPV-16 E6/E7
sequences to investigate whether the nucleotide changes within
variants were enough to produce a differential E6/E7 splicing
profile. The E6/E7 genes were isolated from HPV-16 genomes
present in CaSki and SiHa cells or the HPV-16R. Although the for-
mer  genomes differ from the HPV-16R in 39 and 35 nucleotide
changes, respectively, only 4 of the polymorphic sites lie within
the E6/E7 regions. C33-A cells were stably transfected with the
E6/E7 sequences derived from the three variants, and the results
revealed that the E6/E7 variants displayed a differential splicing
profile. These data suggest that a few polymorphic changes were
sufficient to produce a differential splicing pattern.

RNA–protein, UV cross-linking experiments using HeLa nuclear
extracts (NE) also revealed that the E6/E7 transcripts from the
genetic variants differentially recruited a few nuclear factors. More-
over, using short E6/E7 RNA probes containing each of the SNPs,
we observed that SNPs lying close to the acceptor sites produced
differential binding of specific nuclear factors. C33-A cells were sta-
bly transfected with E6/E7R mutants containing single or double
sequence changes to further analyse the effect of single nucleotide
polymorphisms within E6/E7 on the AS of this intron. The results
revealed that these mutants also produced a differential splicing
profile. The results indicate that one SNP was sufficient to produce
a differential splicing profile.

Finally, as an initial approach to identify some of the nuclear
factors involved in the production of the heterogeneous profile
and likely involved in the regulation of AS of intron 1, the proteins
bound to the shortest RNA probe of two  variants of intron 1 were
purified by RNA-affinity chromatography. To this end, two poly-
morphic E6/E7 RNA probes differing in a single nucleotide (U350G)
were used. The results verify the differential recruiting of at least
one nuclear factor to the sequence surrounding nt 350. The purified
proteins were identified in batch by LC–MS/MS. The TIA1 and TIAR
(TIAL) splicing factors were identified as one of the proteins that
bind the sequence surrounding the U350 in the E6/E7R transcript.
Taken together, the data showed that a single nucleotide change
was sufficient to differentially recruit a few auxiliary splicing fac-
tors to the intron 1 variants. The implication of the SNPs and some
of the identified regulatory splicing factors and its probable role in
the AS of the HPV-16 variants are discussed.

2. Materials and methods

2.1. Constructs and site-directed mutagenesis

HPV-16 E6/E7 amplicons were obtained by RT-PCR from the
CaSki (ATCC, CRL1550) and SiHa (ATCC, HTB35) cell lines (GenBank
ID U89348 and AF001599, respectively) or from the cloned HPV-
16 reference genome (GenBank ID NC 001526). The bicistronic
amplicons from each variant were cloned into the HindIII/BamHI
restriction sites of the pEGFP N1 vector, as previously reported for
the E6/E7 cassette derived from CaSki cells (Del Moral-Hernández
et al., 2010). Mutants were made using the HPV-16R prototype
(pE6/E7R-GFP) and the QuikChange site-directed mutagenesis kit
(Stratagene). To produce the pT350G and pA442C mutants, the
primer pairs T350GS/T350GAS or A442CS/A442CAS were used. The
pT350G/A442C mutant was obtained by performing the A442C
mutation on pT350G. All constructs were verified by sequencing
using the Big Dye Terminator Ready Reaction Kit and analysed in
an ABI PRISM 3100 Genetic Analyser System (Perkin Elmer, Branch-
burg, NJ). All of the primers were purchased from Invitrogen.

2.2. Transfection of C33-A cells and expression analysis

The HPV negative (HPV−) cervical carcinoma-derived cells, C33-
A (ATCC, HTB-31), were stably transfected with each of the E6/E7
variants or mutants. Cells were grown in MEM  supplemented with
10% FBS and transfected using the CaCl2 method, as previously
reported (Del Moral-Hernández et al., 2010). Stable transfectants
were produced at least three times for each of E6/E7 constructs and
five for the SNP mutants. Transfected cells could be cultured during
a six-month period without changes. However, after two months
of continuous G418 selection, transfected cells were aliquoted,
frozen and kept at −80 ◦C to avoid long-term effects. We did not
observe differences between any of the transfected cells. Total RNA
was extracted from confluent cell cultures using TRIzol reagent
(Gibco, BRL) following the manufacturer’s recommendations and
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Table  1
Nucleotide sequence of oligonucleotide primers. Oligonucleotide primers indicating the nucleotide position as numbered in the HPV-16 sequence. Lower case letters show
the  sequence of the T7 RNA polymerase promoter sequence included in the oligonucleotide primers used to produce the DNA amplicons.

No name Sequence (5′–3′) nt position

Primers for UV cross-linking or affinity capture:
1.  E6/E7 Fw taatacgactcactataggATGCACCAAAAGAGAACT 83–100
2.  E6/E7 Rv TGGTTTCTGAGAACAGATGGG 855–835
3.  SD Rv ATCACATACAGCATATGGATTCCCATCTC 295–267
4.  SA-A Fw taatacgactcactataggACTTTGCTTTTCGGGATTT 234–252
5.  SA-A Rv CAGGACACAGTGGCTTTTG 440–422
6.  SA-B Fw taatacgactcactatagCTGTCAAAAGCCACTGTGTC 418–437
7.  SA-B Rv CAGCTGGGTTTCTCTACGTG 556–537
8.  SA-C Fw taatacgactcactataggGATCTCTACTGTTATGAGC 622–640
9.  SA-C Rv CATTAACAGGTCTTCCAAAGTACG 813–790
10.  SA-A Ext Fw taatacgactcactataggAACAGTTACTGCGACGTGAGGTATATG 207–233
11.  SA-A Bio ACCTCACGTCGTCGCAGTAACTGTttt-Biotin 228–208
Primers for site-directed mutagenesis:
12. T350GS TATTCTAAAATTAGTGAGTATAGACATTATTGTTATAGTgTGTATGGAACAACATTAGAA 311–370
13.  T350G AS TTCTAATGTTGTTCCATACAcACTATAACAATAATGTCTATACTCACTAATTTTAGAATA 370–311
14.  A442C S AAAGCCACTGTGTCCTGAcGAAAAGCAAAGACATCTG 424–460
15.  A442C AS CAGATGTCTTTGCTTTTCgTCAGGACACAGTGGCTTT 460–424
Primers for RT PCR
16. E6-begin ATGCACCAAAAGAGAACTGCA 83–103
17.  E7-end TGGTTTCTGAGAACAGATGGG 855–835
18.  Actin HFa GAAGAGCTACGAGCTGCCTGACG 795–817
19.  Actin HRa CACACGGAGTACTTGCGCTC 1103–1084
Primers for nested PCR:
20. HPVRTFw ACAGGAGCGACCCAGAAAGTT 118–138
21.  HPVRTRw TGCCCATTAACAGGTCTTCCA 817–797

a As numbered at the actin cDNA sequence (GenBankTM accession number NM 001101.3).

subsequently treated with DNase I (DNAfree, Ambion, Inc.).
E6/E7 spliced transcripts were detected by RT-PCR, as previously
described (De la Rosa-Ríos et al., 2006). Amplicons were resolved
by electrophoresis in ethidium bromide-stained agarose gels. Most
of the RT-PCR amplicons from transfected cells were cloned in
T-protruding pBS SKII+. All the E6/E7 splicing products were iden-
tified by colony-PCR, after analysis of 50 clones from each ligation
reaction, excepting for E6*I/E7C and E6/E7(S). Subsequently, plas-
mid  for each DNA was prepared and sequenced in both chains. The
spliced products from all clones corresponded to their respective
E6/E7 variant.

Western blot assays were performed as previously described
(Del Moral-Hernández et al., 2010). Membranes were probed
overnight using a 1:500 (v/v) dilution of the appropriate antibody.
For detection, 1:5000 (v/v) dilutions of HRP anti-rabbit or anti-
mouse conjugate antibodies (Zymed) were used. Finally, immune
complexes were detected with the SuperSignal West Pico Chemilu-
minescent Substrate (Thermo Scientific). The following antibodies
(from Santa Cruz Biotechnology) were used for immuno-detection
of splicing factors: anti-U2AF65, anti-hnRNP A1, anti-U70k, anti-
hnRNP C1/C2, anti-PTB, anti-SF3B4, anti-TIAR and anti-Sam68.

2.3. RNA–protein, UV cross-linking assays and RNA secondary
structure prediction and analysis

RNA probes were produced from DNA amplicons obtained by
PCR from each of the E6/E7 variants (nt 83 to nt 855). Amplicons
for splicing donor (SD) probes were generated using primers
E6/E7 Fw and SD Rv. The acceptor probes were generated with
the following primers: SD-A Fw and SD-A Rv for A acceptor; SA-B
Fw and SA-B Rv for B acceptor; and SA-C Fw and SA-C Rv for C
acceptor (described in Table 1). Uniformly labelled probes were
obtained by in vitro transcription using the Riboprobe transcription
system (Promega), 20 �Ci of [�-32P] UTP, and 100 ng of E6/E7 DNA
amplicon as template. UV cross-linking assays were carried out as
previously described (Del Moral-Hernández et al., 2010). In silico
RNA secondary structure prediction for the three E6/E7 pre-mRNAs
was performed with the Mfold software by using the Rensselaer

bioinformatics web server (Zuker, 2003), which was  accessed
through http://mfold.bioinfo.rpi.edu, Rennselaer Polytechnic Insti-
tute. The RNA secondary structure was verified by digesting the
RNAs with RNases. Briefly, RNA probes were transcribed using the
MEGAScript T7 kit (Ambion) and 1 �g E6/E7 DNA amplicons. The
RNAs were then 3′-end labelled using T4 RNA ligase (Ambion) and
20 �Ci of pCp [�-32P]-CMP. The RNAs were extensively purified on
8% polyacrylamide gels and extracted using the ‘crush and soak’
method. For each assay, 125 000 cpm of each probe was heated
at 70 ◦C for 7 min  and cooled to 37 ◦C for 30 min. Then either
1 mU  of RNase T1, 1 �l of 10 fg/�l  RNase A or 0.4 mU  of RNAse
V1 (Ambion) was added to the probes and incubated at 37 ◦C for
5 min. Reactions were halted by adding a mixture of 90% urea, 10%
acetic acid, 0.005% bromophenol blue and 0.005% xylene–cyanol.
Digestion products were resolved on 20% polyacrylamide and 8 M
urea gels, and RNAs were visualised by autoradiography.

2.4. Isolation and identification of proteins bound to E6/E7 RNAs

Proteins were purified using 214 nt RNA probes from intron 1
of each HPV-16 variant. Probes were hybridised to a small, 3′-end-
biotinylated DNA oligonucleotide complementary to the first 27
nts of each RNA probe (Harris et al., 2006). Briefly, 500 pmol of each
biotinylated oligonucleotide (Table 1) were mixed with 500 pmol of
the corresponding RNA probe dissolved in 10 mM HEPES (pH = 7.0),
50 mM KCl, 10% glycerol, 1 mM EDTA, 1 mM DTT, 0.5% Triton X-100
and 0.15 �g/ml of yeast tRNA supplemented with RNAsin (Promega
Co) and protease inhibitors (Complete, Roche). The reaction mix-
tures were heated at 95 ◦C for 2 min, and the annealing of the hybrid
DNA/RNA was  allowed to proceed for 1 h at 37 ◦C with gentle agi-
tation. Subsequently, a mixture of 500 �g of HeLa NE and 100 �l of
magnetic beads (�MACS Streptavidin MicroBeads; Miltenyi Biotec)
were added, in batch, and incubated for 1 h at 4 ◦C. The mixture
was passed through a �Column (Miltenyi Biotec) and subjected
to a magnetic field to capture the proteins that were bound to
the RNA/DNA hybrids. The batch mixture was washed four times
with the HEPES buffer. Proteins were eluted from the column using
the above HEPES buffer supplemented with 1 M NaCl. The eluted
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Fig. 1. Transfection of E6/E7 genes from polymorphic HPV-16 variants produces a heterogeneous pattern of spliced transcripts. (A) A schematic representation of the mature
transcripts that are expressed from the HPV-16 E6/E7 genes. Dashed lines represent the three alternative ways of processing intron 1. Numbers above the E6/E7pre-mRNA

indicate the beginning and end of the E6/E7 cassette and the splice donor (SD) or acceptor sites (SA-A, SA-B or SA-C). (B) Single nucleotide variation among the three E6/E7
sequences is shown. (C) Pattern of the alternative E6/E7 transcripts obtained by RT-PCR from CaSki (Ca) or SiHa cells (Si), and C33-A cells transfected with the sequences
from  the three variants: CaSki (C) Reference (R) or SiHa (S). (D) Nested PCR from C33-A cells transfected with the sequences from the three variants: CaSki (C), Reference (R)
or  SiHa (S). Actin was used as loading control. The nested PCR shows the presence of the minor E6*II transcript. C33-A cells transfected with the pEGFP-N1 empty plasmid
were  used as mock cells.

proteins were resolved by 12% SDS-PAGE and stained with silver
using the mass spectrometry-compatible SilverQuestTM kit (Invit-
rogen). Proteins were identified by MS/MS  analysis in the Columbia
Protein Core Facility (Columbia University College of Physicians &
Surgeons). Briefly, tryptic peptides were extracted from gel slices
and injected into a reverse-phase LC column for stratification. Pro-
teins were identified by ESI–LC–MS/MS analysis. Data files were
processed using the MassLynx ProteinLynx software, and PkI data
were submitted to www.matrixscience.com for analysis using the
Mascot algorithm. All of the RNA probes used for protein purifica-
tion were similar to those used for UV cross-linking but with an
extended upstream region of 27 nts. We  purchased biotinylated
DNA oligonucleotides that were complementary to the extended
region of the RNA probes that were mentioned above. The SA-AExt
(extended) probe was obtained using the SA-AExtFw and the SA-A
Rv primers (see Table 1).

3. Results

3.1. HPV-16 genetic variation contributes to produce
heterogeneity of E6/E7 spliced transcripts

The HPV-16 E6/E7 genes produce four mature transcripts, three
of which are spliced and one of which is the unspliced pre-mRNA
(Fig. 1). Previous work has shown that the profile of the four tran-
scripts is heterogeneous; however, the mechanism that produces
the transcript variation is not fully understood. To analyse the con-
tribution of DNA polymorphisms within the E6/E7 genes of HPV-16
to the heterogeneous splicing profile, the E6/E7 sequences derived
from three closely related variants (isolated from the reference
HPV-16 or CaSki and SiHa cells) were used to transfect C33-A cells.
The genes from CaSki (E6/E7C) differ from HPV-16R (E6/E7R) in only
2 nts (positions 131 and 350); while, the genes from SiHa (E6/E7S)
differ from E6/E7R in 3 nts (positions 350, 442 and 645). Similarly,

E6/E7C and E6/E7S differ in 3 nts (131, 442 and 645) between them,
as detailed in Fig. 1.

Interestingly, after stably transfecting C33-A cells using the
three E6/E7 sequences, the results revealed that the profile of
spliced transcripts was  different among them. Notably, the major
transcript, E6*I/E7, was differentially expressed in all cells, with the
highest level corresponding to cells transfected with the E6/E7S
cassette. Conversely, the unspliced E6/E7pre-mRNA was detected in
the higher amount in the E6/E7R cassette. Differences in minor
transcripts were not obvious, it likely due to their low levels of
expression. As a result, we carried out a nested PCR to better detect
these mRNAs, despite the fact that the accuracy of the estimates
of expression levels was sacrificed. The results revealed that the
E6*II/E7 transcript was  only detected for the E6/E7C and E6/E7S
cassettes (Fig. 1). By using three polymorphic HPV-16 E6/E7 vari-
ants, we were able to reproduce the heterogeneity in the transcript
pattern in a similar fashion to that observed in tumour samples;
however, the level of the E6/E7 transcripts seems to be slightly
higher for the endogenous HPV-16 in the CaSki and SiHa cells. These
data suggest that one or more of the SNPs may  be involved in the
production of the heterogeneous profile.

3.2. Two single nucleotide changes are sufficient to produce
transcript heterogeneity

To assess whether the variation in the splicing profile could be
attributable to a single nucleotide change in the E6/E7 sequences,
we constructed G350 and C442 single nucleotide mutants con-
taining only one of the polymorphic nucleotides with respect to
the E6/E7R sequence. Additionally, we also constructed a third
mutant (G350/C442) containing both of the changes. All of mutants
were verified by sequencing (Fig. 2). C33-A cells were stably trans-
fected with the mutants, and the results also revealed a differential
E6/E7 splicing profile. These results shown that the expression
of E6*II was increased in the two mutants containing the C442
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Fig. 2. Single nucleotide differences produce a differential splicing pattern in the processing of the E6/E7pre-mRNAs. (A) Nucleotide differences between wild-type HPV-16R
E6/E7  and the mutant minigene constructs are shown. (B) Profile of spliced E6/E7 transcripts obtained by RT-PCR or (C) nested PCR from C33-A cells transfected with the
E6/E7  mutants and the reference sequence. (D) Electropherograms showing the single nucleotide changes introduced in each of the mutants. Single nucleotide changes are
showed in lowercase.

SNP, whereas the mutant containing both changes (G350/C442)
increased also the expression of the E6Ê7 transcript. The result-
ing transcript profiles were reminiscent to those observed between
the three natural variants as clearly shown by a nested PCR (Fig. 2)
and also suggested the importance of these two SNPs in the het-
erogeneity. Taken together, all of the data clearly show that the
splicing profiles are heterogeneous even in the E6/E7 mutants con-
taining only a single nucleotide polymorphism, which confirms the
participation of single SNPs in generating the heterogeneity of the
E6/E7 transcript profiles in cervical carcinoma cells.

3.3. Single SNP produces structural changes in E6/E7 transcript
folding

The SNPs are located upstream and far from the splicing donor
(SD) or acceptor sites (SA) [SNP 131 (95 nts upstream of the SD); SNP
350 (59 nts upstream of the SA-A); SNP 442 (74 nts upstream of the
SA-B) and SNP 650 (92 nts upstream of the SA-C)]. This fact raised
the possibility that the polymorphic nucleotides caused structural
changes in the variant pre-mRNAs that altered the recognition of
the splice sites. To identify structural changes in the three E6/E7
variant transcripts, we  analysed their secondary structures. In sil-
ico analyses of the E6/E7 sequences revealed minor, but obvious,
changes in the predicted secondary structures of the polymorphic
variants and mutants. By analysis of the sequences surrounding
each of the SNPs, we observed that the U350G and A442C SNPs
produce the observed structural changes. Not structural changes
were observed for A131G or A645C SNPs (data not shown). How-
ever, due to the complexity of such structures, we only focused
our efforts on the first acceptor of intron 1, SA-A (short intron 1).
The predicted structure for the E6/E7R transcript showed that U350
was located within a bulged region that was in the middle of two
short, double-chain stem structures. Conversely, the G350 variant
in the E6/E7 transcript was included in an internal loop structure,

which was also within two short stems (Fig. 3). A similar structure
was observed for the CaSki sequence, which also contains the 350G
SNP (data not shown). These plausible structural changes merited
more careful analyses because the RNA secondary structures sug-
gested by in silico analyses are not necessarily stable structures in
solution and under physiological conditions. As a result, we  per-
formed RNA structure mapping using RNases A, T1 and V1. With
this purpose in mind, 207 nt RNAs corresponding to the E6/E7 tran-
scripts (nts 234–440) from HPV-16R (probe R) and SiHa (probe S)
were used for mapping assays. The respective transcripts from SiHa
and CaSki short intron 1 (from donor to acceptor A), were exactly
equal in nucleotide sequences, which enabled us to make a direct
comparison using only two of the three sequences (probes R and
S). The RNA probes contained the branch point sequence (BP), the
polymorphic nucleotide at position 350, the polypyrimidine tract
(PPT) and the splicing acceptor-A (SA-A). The RNAse digestion pro-
files revealed two additional G bands in probe S digested with a
low amount of RNAse T1 when compared to probe R that does not
contain G in position 350. For the SiHa RNA, two  very sensitive
guanines were detected by digestion with RNAse T1. The first site
corresponds to G350, and the second is consistent with higher sen-
sitivity of the next upstream G (G348), which is located at the loop.
No digestion was  observed at position 350 when using the refer-
ence probe, which contains a uridine (Fig. 3). However, the RNAse
V1 digestion profile of both RNA probes suggested higher double-
strandedness around G350, which was  unexpected. A reasonable
explanation is that an alternative structure may be produced, in
such structure, the GU pairs in loop c′ might be paired producing an
increased double-strandedness. In both cases, our results suggest
structural change in the nucleotides surrounding the polymorphic
site at position 350. The structural changes observed in the E6/E7
variants may contribute to alter the recognition of the sequences
surrounding nt 350 by splicing factors, therefore, as initial approach
to identify protein factors that could be involved in the differential
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Fig. 3. Nucleotide polymorphisms produce changes in the secondary structure of the first splicing acceptor site. (A) Secondary structure prediction of the short intron 1
sequence containing only the splicing acceptor A in the HPV-16 R transcript. Only the different region is shown for the short intron 1 of HPV-16S. Predicted RNA loops were
marked by lowercase letters; the presence of an additional loop (c′) in the SiHa RNA is shown. (B) To map  the RNA secondary structure of the short intron 1, in vitro labelled
RNA  probes of HPV-16R or S were digested with low amounts of RNase T1 (cleaves 3′ of single stranded Gs), RNase A (cleaves 3′ of C and U) and RNase V1 (cleaves 3′ of
base-paired nucleotides). Dark and light symbols indicate strong or weak cleavage and the circles and triangles indicate RNase T1 or V1 cleavage sites, respectively. Arrows
indicate  changes in RNase cleavage intensities that correlate with differences in the predicted secondary structure. The possibility of base pairing between GU  residues within
the  loop c′ is signalled by a dotted line.

recognition of these SNPs; we set out to investigate the effect of
the SNPs on the recruitment of nuclear factors to the transcripts
containing each of the sequence changes.

3.4. E6/E7 genetic variation produces a differential binding of
nuclear factors in the intron 1

To analyse the effect of the genetic variation of the E6/E7 vari-
ants on the protein factor recruitment, we performed RNA-protein
UV cross-linking experiments using a 772 nts E6/E7pre-mRNA probe
from each variant and HeLa NEs. After comparing the binding pro-
files among transcripts of the E6/E7 variants, the results revealed a
few differences in the binding of at least seven factors with appar-
ent molecular weights of 32, 45, 50, 54, 58, 62 and 70 kDa (Fig. 4).
Conversely, when the cross-linking patterns from RNA fragments
containing the three alternative acceptors from the HPV-16R intron
were compared, the results revealed that many nuclear factors
were recruited differentially to three splicing acceptors (Fig. 4A).
The data showed that a difference in a few nucleotides among pre-
mRNAs was sufficient to cause differential recruitment of nuclear
factors. To determine the extent to which each of the isolated
SNPs contributes to differences in binding of the nuclear factors,
we performed UV cross-linking with RNA probes from each of the

E6/E7 variants that contain the first SNP (SNPs A131G) and the
splicing donor (SD). The results revealed that the three binding
patterns were similar. The patterns suggest that this SNP, which
is near the donor site, does not contribute substantially to the
differential binding of nuclear factors to E6/E7 variant transcripts
(Fig. 4C). Therefore, we designed a set of additional RNA probes
encompassing each of the SNPs and the splicing acceptor sites.
First, the three polymorphic probes containing the first acceptor,
SA-A (SNPs U350G), were used for cross-linking assays. The result
showed striking differences. The probe R, which contains a U at
position 350, showed a differentially bound protein (p50) that was
not detected in the probes C and S (Fig. 4D). Conversely, a 54 kDa
band was  observed bound to the three RNA probes. On the other
hand, a 62 kDa band was found bound to the polymorphic sequence
containing the SA-B transcript (SNP A442C) in the CaSki and ref-
erence probes (containing A 442), but the same band was barely
visible in the SiHa probe that contains a C at this position (Fig. 4E).
The analysis of the three 192 nt polymorphic probes with the third
acceptor, SA-C (SNP A650C), showed other differential weakly bind-
ing proteins, however these protein bands were not sharp enough
to be analysed.

To identify the differentially recruited protein factors, we car-
ried out protein-RNA affinity capture experiments to isolate nuclear
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Fig. 4. The E6/E7pre-mRNAs from polymorphic HPV-16 variants differentially recruited splicing factors. (A) RNA-protein, UV cross-linking experiments comparing the splicing
factors  bound to RNA probes containing each of the acceptor sites from HPV-16R. A diagram of the RNA probes used for each assay is shown in the top of each panel. Numbers
indicate the beginning and end of each RNA probe, and the nucleotide variation is shown inside of each cartoon. (B) Comparison of accessory splicing factors that bind to
the  E6/E7pre-mRNAs (nts 83–855) from the HPV-16C, HPV-16R and HPV-16S variants. At least six differentially bound proteins were detected in cross-linking experiments. UV
cross-linking experiments using RNA probes for: (C) the splicing donor; (D) A acceptor; (E) B acceptor and (F) C acceptor. Arrows indicate the proteins that are differentially
bound  to each RNA probe.

proteins that bind to the HPV-16 E6/E7 regions of interest. We  first
used the two RNA probes containing the short intron 1 structure
along with the respective SNPs (U350G). Both probes constituted
the minimal sequence from the SD up to the first splicing accep-
tor site (SA-A). Only probes for the reference and SiHa variants
were used for capture experiments because this portion of the
CaSki and SiHa sequences were identical. The results revealed a
unique pattern of proteins eluted from both RNA-affinity columns
(Fig. 5) and confirmed that the proteins of 50 and 54 kDa were
bound to the RNA probes containing the U and G polymorphisms,

respectively. The purified factors were used to further confirm the
protein profiles that were previously obtained in the RNA–protein,
UV cross-linking assays. Importantly, the results resembled the
data that were observed in previous experiments using total HeLa
NE (Fig. 5). These experiments revealed that protein purification
by RNA affinity chromatography was a useful method to identify
the nuclear factors that are bound differentially to UV  cross-linking
probes. Although the bands at 50 and 54 kDa were excised from
SDS-PAGE and slices were used for identification using mass spec-
troscopy, these assays failed to identify the proteins differentially
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Fig. 5. Splicing factors bound differentially to the shortest form of intron 1 from the polymorphic variants, HPV-16R and HPV-16S. (A) Top: diagrammatic representation of
the  short intron 1 probes. Bottom: separation pattern of the RNA affinity-purified proteins bound to the intron 1 probe from the HPV-16R and HPV-16S variants. (B) Top:
diagrammatic representation of the SA-A probes. Bottom: UV cross-linking experiments using HeLa NE (left) or affinity-purified proteins. (C) Relative levels of splicing factors
bound to the short intron 1 probe from the HPV-16R or HPV-16S variants, as detected by Western blotting. Input HeLa NE was used as a control. Membranes were stripped
and  reprobed with antibodies from the different splicing factors.

bound to the transcripts. This result may  have been due to the low
content of the single proteins or the proteins were bound to both
RNAs, but in different amounts. Additionally, all the proteins bound
to each of the transcripts were digested and identified in batch,
using LC–MS/MS analyses. The result revealed that more than 90
spliceosomal proteins were bound to intron 1, Around, 80 of the
identified proteins were canonical splicing factors of the spliceo-
some assemble complexes A and B, and other 25–30 proteins that
include RNA helicases, hnRNPs and RBD regulatory proteins, most
which have functions in splicing that are not fully understood. Addi-
tionally, other non spliceosomal proteins were identified most of
them are part of the transcription machinery or are involved in RNA
processing or translation (data not shown).

The detailed mechanisms by which these proteins exert their
effects on the splicing machinery remain to be determined. Intrigu-
ingly, by using this approach, only a few serine-arginine rich
proteins (SR proteins) were detected bound to the short form of
intron 1 from the E6/E7 transcript: SRP-53 and -55, as well as
canonical spliceosomal components as SC35 and U2AF65. Inter-
estingly, many of the proteins that were identified were known
accessory or regulatory splicing factors that recognise poly-uridine
stretches in pre-mRNAs, including TIA1, TIAR (TIAL1), U2AF65, PTB
and hnRNP C1/C2, elav-like. Other poly-uridine binding proteins
were co-purified, but we decided to investigate only the factors
that were previously suggested to be involved in AS regulation of
other human polymorphic transcripts. To verify that some of these
proteins were differentially bound to the two E6/E7 polymorphic
transcripts, similar amounts of proteins obtained by RNA affinity
capture experiments were assayed by Western blotting. The results
revealed that TIA1 and TIA-related protein (TIAL1/TIAR) were pref-
erentially bound to the RNA containing a U at position 350 but
were scarcely detected in proteins bound to the other RNA probe.
Interestingly, U1-70K was also preferentially bound to the refer-
ence variant. Conversely, several proteins, including hnRNP A1 and
hnRNPC1/C2, were bound in equal amounts to both probes. A sim-
ilar result was observed for SF3b subunit 4, a component of the
U2 snRNP, and Sam68. Interestingly, U2AF65, U5-52k and PTB1

were detected in slightly higher amounts bound to the SiHa probe
(G-containing) than proteins bound to the reference probe. Our
result revealed that U1-70k and TIA1/TIAR, a protein with an appar-
ent molecular weight of 50 kDa, was preferentially bound to the
sequence containing U350. The 54 kDa protein bound to the G350
transcript remains to be identified, although, U2AF65, U5-52k and
PTB1 are good candidates.

Taken together, all of the data have shown that one single
nucleotide polymorphism was  sufficient to differentially recruit
nuclear factors to intron 1 of HPV-16 and to produce structural
changes in the intron 1 that may  favour the binding of different
splicing factors. The sequences surrounding nucleotides 350 and
442 were involved in differentially recruiting at least the U70k and
TIA1/TIAR, or U2AF65 and PTB splicing factors in the intron 1 from
the reference and SiHa variants, respectively.

4. Discussion

In this work, we  analysed whether sequence polymorphisms
within the HPV-16 variants contributed to the heterogeneity of
the E6/E7 splicing profile. By using three E6/E7 sequences isolated
from closely related HPV-16 variants, we have shown that a few
nucleotide changes are sufficient to produce a differential splic-
ing profile. Furthermore, using mutants that contained a single
nucleotide change, we  also showed that one SNP was sufficient to
reproduce the heterogeneous splicing profile. Additionally, a dif-
ference of two  or three SNPs among these viral sequences was
sufficient to differentially recruit several nuclear factors to the poly-
morphic E6/E7 transcripts. Moreover, only one SNP was  sufficient
to alter the binding site of at least one nuclear or splicing factor,
changing the ability of the transcript to bind some factors. Finally,
some of the factors bound to the reference probe, or the variant
U350, were identified as TIA1 and/or TIAR and U170k. Conversely,
in the SiHa transcript the splicing factors, U2AF65 and PTB were
preferentially bound.

The complete mechanism of the AS of the HPV-16 E6/E7 genes
is not fully understood; however, previous work has shown that
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E6*I/E7 is the major splicing product, whereas the other three minor
transcripts are produced in low and variable levels in cervical can-
cer cells (Shirasawa et al., 1991; De la Rosa-Ríos et al., 2006) and
also indicates that the three acceptor sites within intron 1 are sub-
optimal, and each one contains a different polypyrimidine tract
(Zhao et al., 2005). Our unpublished data suggest that these accep-
tor sites are differentially recognised by nuclear factors. We  have
previously proposed that the heterogeneity in the spliced tran-
scripts is produced, at least in part, by a differential usage of the
acceptor sites (Del Moral-Hernández et al., 2010). Therefore, dif-
ferential recruiting of nuclear factors onto the E6/E7 pre-mRNA
may  contribute to the variable recognition of the splicing accep-
tors. Previously, it has been suggested that some splicing factors
vary in tumour cells and cell lines (Grosso et al., 2008; McFarlane
and Graham, 2010; Del Moral-Hernández et al., 2010) which may
mean that differential availability of splicing factors in tumour
cells contributes to producing the heterogeneous splicing profile.
Here, we have shown that also the HPV-16 polymorphism is cru-
cial for producing a variation in the E6/E7 splicing profile, as it
have been shown for several human genes (reviewed in Pagani
and Baralle, 2004). Therefore, it is reasonable to suggest that the
heterogeneity in splicing of the HPV-16 E6/E7 transcript is pro-
duced by a complex interaction between the HPV-16 polymorphic
variants and the availability of canonical and accessory splicing
factors in cervical carcinoma cells, which combine to result in dif-
ferential use of the sub-optimal splicing acceptors within intron 1.
However, the identities of accessory and regulatory splicing fac-
tors involved in the recognition of HPV-16 intron 1 are completely
ignored.

Accessory splicing factors reinforce or impair the recognition
of optimal and suboptimal alternative splice sites (Singh and
Valcárcel, 2005). HPV introns are processed by the host cell spliceo-
some, and canonical splicing factors are involved in the recognition
of the donor and acceptor sites within the exons; however, intron
1 is alternatively spliced by the selection of three different 3′ splice
sites. Therefore, each of the three intron/exon junctions might be
recognised by a different combination of accessory and canoni-
cal splicing factors. During recognition, auxiliary splicing factors
form a bridge between canonical splicing factors over the intron
or the exons, with the latter depending on the length of the intron
(Schellenberg et al., 2008). Unfortunately, most of accessory splic-
ing factors that bind to the intron 1 have not been identified
yet.

As an initial approach to identify the factors bound to the intron
1, two RNA probes (from HPV-16R and SiHa) containing only the
shortest form of intron 1 were used for purification of nuclear
factors by RNA-affinity chromatography. The RNA probe encom-
passed the donor site (begins 20 nts upstream of the 5′ splice site)
and splice site acceptor A (ends 32 nts downstream of the PyAG).
Around 100 nuclear proteins were identified by MS/MS; approx-
imately 80 core spliceosomal proteins were bound to each of the
E6/E7 intron 1 constructs. Around two dozens of them were splic-
ing regulatory or accessory factors, whose significance and function
in the splicing of intron 1 remains to be understood (data not
shown). Several factors differential bound to the R- and S-RNA
probes were identified by using cross-linking assays, however, the
factors involved in the differential recognition of the E6/E7 variants
were not easily identified by LC/MS/MS; this last might be due to a
differences in the apparent molecular mass of the nuclear proteins
deduced by their migration in the UV cross-linking assays and the
real molecular weight of these factors. Thus, identifying the bind-
ing sites and the role of the factors involved in the AS of intron 1
requires very difficult and hard future work to be done; however,
several of the splicing factors that were identified deserve special
attention, including: Sam68, TIAR (TIAL), UASP56, PUF60, PTB1, U1-
70K, U2AF65, CD2BP2 (U5-52K), Nono, and hnRNP C1/C2, most of

which are polypyrimidine binding proteins. Poly U binding proteins
have been recently involved in regulation of AS for introns contain-
ing suboptimal splice sites (Le Guiner et al., 2001), as is the case for
intron 1 of HPV-16.

Enhancer and silencer sequences have been described in many
exons and introns that produce intron/exon bridges and posi-
tively or negatively affect AS. The short names of exonic splicing
enhancers and exonic splicing silencers are ESE or ESS, respectively,
and the short names of intronic splicing enhancers or intronic splic-
ing silencers are ISE or ISS, respectively (reviewed in Pagani and
Baralle, 2004). No enhancer or silencer sequences have been iden-
tified in intron 1 thus far; however, two accessory splicing factors
enhancing the usage of the first acceptor site in HPV-16 in the pres-
ence of epidermal growth factor (EGF), were recently described.
Although the exact position of a potential enhancer sequence was
not mapped, it was  clearly shown that correct recognition of the
first acceptor site A (SA-A) depends on the level of the factors,
Brm and Sam68. At the same time, the use of this acceptor was
negatively regulated by hnRNP A1 and hnRNP A2. Yet, the bind-
ing sequences of all these factors have not been mapped or located
(Rosenberger et al., 2010).

SA-A is the most frequently used of the three splicing acceptors
within intron 1. As mentioned above, Sam68 is an important factor
involved in enhancing the splicing of intron 1 at this acceptor site.
Sam68 is a member of the STAR splicing factors that binds single
strand homopolymer stretches of U or A nucleotides (Lukong and
Richard, 2003). Moreover, Sam68 interacts with TIAR1 within exon
v5 of CD44 to promote the recruitment of U1 snRNP and U6 snRNP
(Zhu et al., 2003) by way of the interaction of TIAR1 with U1C (Förch
et al., 2002) and to reinforce the recognition of weak donor sites
containing downstream poly-U stretches. The lack of U-stretches
or TIA1/TIAR binding, results in exon skipping in several eukaryotic
(Förch et al., 2000; Le Guiner et al., 2001; Izquierdo et al., 2005) and
viral transcripts (Choi and Pintel, 2009). The same exon, v5, binds
Brm, a member of the SWI/SNF complex, which is also a known reg-
ulator of AS. Brm interacts with Prp 6 and SAP 130/SF3a120a, which
are components of the U5 snRNP (Allemand et al., 2008) and U2
snRNP (Underhill et al., 2000), respectively. These interactions sug-
gest that Brm is involved in the recruitment of the U2/U5.U6 snRNP
complex, which promotes assembly of the spliceosome. Interest-
ingly, all of these auxiliary splicing factors (except for Brm) were
identified in the RNA-affinity capture experiments using the short
forms of intron 1-R and -S, containing only the splicing donor and
SA-A (data not shown). It has also been shown that Sam68 binds
upstream from the BPs in CD44 exon v5 and increases recognition
of the downstream splicing acceptor site, by increasing binding of
U2AF (Batcshé et al., 2006) and also its effect is exerted in a signal
transduction-mediated manner (Tisserant and König, 2008).

The observed changes in the splicing of the E6/E7 variant
transcripts containing SNPs suggests the presence of positive
and negative regulatory sequences upstream and downstream
of acceptor site A. In summary, the change from A to C at nt 442
(A442C) seems to negatively alter the recognition of acceptor site
A, which simultaneously enhances the recognition of acceptors B
and increases the level of the E6*II/E7. Therefore, it is reasonable to
suggest that an enhancer is affected by this SNP and that nucleotide
U350 is part of this regulatory sequence. Interestingly, the only
experimentally detected BP (De la Rosa-Ríos et al., 2006) lies at nt
328. Therefore, it is likely that this positive regulatory sequence
may  increase the recognition of the acceptor site and the BPs by
U2AF and U2 snRNP and its associated splicing factors. Intriguingly,
the sequence changes at nts 350/442 (U to G/A to C) enhanced
the usage of acceptor site B and C and resulted in increased levels
of the E6*II/E7 and E6Ê7 transcripts, which may also reduce the
efficiency of acceptor site A use, likely by simple competition
between the acceptors. These data suggest that polymorphism
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442 affects putative silencer sequences that are involved in the
negative control of the distal acceptor.

In silico analyses of the E6/E7 sequence from nts 234 to 440
reveals a large stem-loop structure with the U350 in the middle
of three bulged nucleotides. The change from U to G produces a
putative alternative folding of this RNA sequence, which places
the G350 in the middle of an internal loop. RNAse T1 mapping of
this HPV-16 E6/E7 sequence suggested higher amounts of single-
stranded RNA in G350 constructs than in U350 transcripts. It is
reasonable to speculate that the U350G change alters the recog-
nition of auxiliary splicing factors involved in the functioning of
the HPV-16 E6/E7 enhancer, because splicing regulatory sequences
(enhancers or silencers) require the presence of single stranded
RNA regions (Hiller et al., 2007). Similarly, in silico analyses showed
an obvious structural change in the secondary structure of nts
418–556 within the E6/E7 RNA, where single-stranded regions
were increased around nt 442 in the SiHa sequence containing
a C at position 442 (data not shown). However, the RNAse V1
digestion profile of both RNA probes suggested slight increases in
double-strandedness around G350, which was unexpected. A rea-
sonable explanation is that alternative RNA structures may  coexist
in this RNA in solution. These findings suggest a complex inter-
action between regulatory sequences that dictate use of the three
splicing acceptors in the HPV-16 E6/E7 RNA, this probably due to
all three acceptor sharing the only BP sequence located upstream
of acceptor A. As we have shown, a 50 kDa splicing factor interacts
with the RNA motif containing nt U350 (guUugu), and this factor
is substituted by a protein of 54 kDa when this region contains a
G at the same position. This latter unidentified protein is bound at
least to the guGugu RNA stretch. Interestingly, the combination of
both changes, 350G and 442C, increases the usage of both B and
C acceptors, which suggests a very complex interaction between
the putative regulatory motifs. These interactions between splice
sites, auxiliary splicing factors and regulatory sequences merit a
hard and careful future work to determine the exact mechanism by
which these elements exert their effects and why distal nucleotide
changes that alter the recognition of accessory factor neighbouring
the A acceptor, may  positively or negatively affect the use of B and
C acceptor sites.

The E6/E7pre-mRNA level is displayed differently in CaSki and SiHa
cells; CaSki cells expresses around a three-fold with respect to SiHa
cells (Jeon and Lambert, 1995). This fact correlates with the low
level of the E6 protein (Shai et al., 2007) observed in SiHa cells; sim-
ilar differences are observed for the E7 protein (Wang et al., 2007).
The low levels of the two oncoproteins observed in SiHa, also corre-
late with the low level of the E6/E7pre-mRNA, that was  consistently
observed in its E6/E7splicing profile. Since E6/E7pre-mRNA RNA is
the main source of the E6 and E7 oncoproteins (Stacey et al., 1995;
Del Moral-Hernández et al., 2010); an alternative explanation is
that, heterogeneity of the splicing profile, specifically on the level
of the E6/E7pre-mRNA is at least in part responsible for the differ-
ent expression of the E6 and E7 proteins observed between these
cells. A differential expression of the oncoproteins dependent on
the HPV-16 variant could have important consequences in tumour
cell development.

In summary, we showed that single nucleotide changes in the
RNA sequence of a viral RNA were sufficient to differentially recruit
accessory spliceosomal proteins to the intron 1 sequences. In addi-
tion, several splicing factors were identified that bound to the
polymorphic introns: TIA1/TIAR and U1-70k for the E6/E7R or
U2AF65, U5-52k and PTB for E6/E7S. In the future, the analyses of
the interactions of some of these factors with cis-acting regulatory
elements in the HPV-16 intron 1, and their role in AS, will shed light
on the mechanism that controls the alternative usage acceptor sites
in this intron, and the consequences of the heterogeneity over the
expression level of the HPV-16 oncoproteins.
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