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A B S T R A C T

Scarce data are available on the expression of papillomavirus genome and the frequency of alternatively spliced
E6E7 mRNAs in invasive cervical cancer. We carried out a comprehensive characterization of HPV expression by
RNA-Seq analysis in 22 invasive cervical cancer with HPV16 or HPV18, characterizing the presence of in-
tegrated/episomal viral DNA, the integration sites in human genome and the proportion of alternative splicing
products of E6 and E7 genes. The expression patterns suggested the presence of episomal and/or integrated viral
DNA, with integration detected in most tumors, frequently occurring within human genes in HPV18+ and in
intergenic regions in HPV16+ tumors. Alternative splicing of E6E7 transcripts showed E6*I as the most frequent
isoform for both viral types, followed by E6*II and E6/E7 (unspliced) transcripts in HPV16+, and by E6/E7 in
HPV18+ tumors. Previously described E6*VI and E6*V transcript isoforms for HPV16, and E6*X for HPV18,
were rare or not detected.

1. Introduction

Cervical cancer is the fourth most frequent cancer in women
worldwide, with approximately 570,000 new cases estimated for 2018
[1]. The presence of high-risk human papillomavirus (HR-HPV), mainly
HPV16 and HPV18 viral types, is a predetermined, albeit insufficient,
event for developing cervical cancer [2]. HPV is a non-enveloped virus
with an icosahedral capsid and an approximately 8Kb circular DNA
genome comprising three regions: (i) the early expressed region com-
posed of six relevant genes for viral replication (E1, E2, E4, E5, E6 and
E7), (ii) the late expressed region, with two genes (L1 and L2) coding for
capsid proteins, and (iii) a non-coding region (Long Control Region -
LCR) containing the origin of viral DNA replication and the early pro-
moter that controls early gene translation [3,4]. During the initial phase
of HPV infection, the E2 viral protein modulates early gene expression
[5], but when infected cells migrate to the upper layers of the epithe-
lium, early genes become downregulated and late genes overexpressed,

allowing the release of new virions [6,7].
Along the carcinogenic process, HPV DNA usually integrates into

the host genome, mainly by splitting its genome within the E1 or E2
regions [8]. This rupture results in loss of E2 function and increased
expression and translation of the E6 and E7 genes that code for the
major viral oncoproteins, subsequently leading to inactivation of TP53
and pRB, the key proteins for cell cycle control [9,10]. Besides HPV
genome integration, de novo methylation of the E2 binding sites at LCR
can also modulate the transcription of E6 and E7 [11].

Although partial evidence for the presence of episomal viral gen-
omes in invasive cancer has been reported, previous studies have shown
that viral DNA is predominantly integrated into the host genome
[12,13]. Integration may occur in different chromosomes and regions of
the human genome [14,15], although several reports showed that it
preferentially occurs at fragile sites, transcriptionally active regions and
those recurrently involved in translocation events [16–21]. Analysis of
chimeric mRNAs containing viral and human genomic transcripts
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allows for the characterization of integration sites [22].
In HR-HPVs, E6 and E7 genes are transcribed in a single, poly-

cistronic pre-mRNA. However, within E6 ORF there is a region that
alternatively function as an intron or an exon, and the removal of this
region (intron 1) from the pre-mRNA by splicing is necessary for E7
protein translation, while the retention is required for E6 translation
[4,23]. Previous reports showed a single donor splicing site (5′ss) at
genomic position 233, and two acceptor splicing sites (3′ss) at genomic
positions 416 and 791 inside the E6 and E7 region of HPV18 pre-mRNA
[24,25]. Conversely, in HPV16 pre-mRNA, three alternative 5′ss have
been found at genomic positions 191, 221, and 226, and three 3′ss at

genomic positions 409, 526, 742 [4,24]. In HPV16+ cells, a total of six
E6E7 alternative transcripts and their respective splicing junctions (in
parentheses) have been reported: E6*I (226^409), E6*II (226^526),
E6*X (226^742), E6*V (221^409), E6*VI (191^409) in addition to the
E6/E7 transcript containing the full E6 and E7 ORFs in the mature
mRNA [24,26] (Fig. 1A). On the other hand, only three alternative
transcripts have been so far reported in HPV18+ cells, E6*I (233^416),
E6*X (233^791) and the E6/E7 unspliced transcript [23,25,27]
(Fig. 1B). Based on the presence of the three functional 5′ss and the
three functional 3′ss in HPV16 E6E7 pre-mRNA, the presence of another
four alternative transcripts with splicing junctions, 191^526, 191^742,
221^526 and 221^742, may be hypothesized (Fig. 1A).

Scarce data are available on the expression pattern of the viral
genome and the frequency of alternatively spliced viral mRNA in in-
vasive cancer samples associated to HPV16 or HPV18 infection because
most findings have been reported in cell lines, cervical pre-neoplastic
lesions and a limited number of invasive cancers [24–26,28]. In this
study, we carried out an exploratory and comprehensive characteriza-
tion of HPV expression by RNA-Seq analysis in cervical cancer samples
with single HPV16 and HPV18 infections. This approach allowed us to
characterize the expression patterns of the viral genome with respect to
the presence of integrated/episomal viral DNA and to estimate the
proportion of the different splicing products encompassing the E6 and
E7 ORFs.

2. Materials and methods

2.1. Samples and nucleic acid isolation

Twenty-two biopsies of invasive cervical carcinomas from patients
admitted to Instituto Nacional de Câncer (INCA, Brazil), comprising 12
samples of HPV16+ tumors and 10 samples of HPV18+ tumors, were
analyzed (Additional File 1). Samples were randomly selected from a
set of previously characterized tumors with single HPV16 and HPV18
infections [29]. All biopsies were collected before treatment and stored
in RNAlater (Qiagen) at −80 °C. Additionally, the CaSki cervical cancer
cell line (HPV16+), grown in RPMI with 10% fetal bovine serum
(Gibco) and 5% CO2, was also analyzed. DNA and RNA were isolated
from each sample and CaSki cells with Qiagen Allprep DNA/RNA mini
kit (Qiagen, Hilden, Germany) following the manufacturer's instruc-
tions. DNA and RNA were quantified and stored at −20 °C and −80 °C,
respectively.

2.2. High throughput mRNA sequencing

Total RNA (0.1 to 4 μg) was used for library preparation with
TruSeq RNA Sample Prep Kit (Illumina, U.S.A.) according to the man-
ufacturer's recommendations. Libraries were run in an Illumina HiSeq
2500 platform, with paired-end sequencing strategy.

2.3. Sequence data preprocessing, quality control and read mapping

Fastq files, comprising demultiplexed reads, were obtained with
Casava 1.8 [30] allowing a single barcode mismatch. Reads were
quality filtered by mean phred score (< 20) and length (< 30 nucleo-
tides) using PRINSEQ [31]. Filtered reads were mapped to HPV re-
ference sequences (HPV16 - GenBank K02718.1 and HPV18 -
AY262282.1) with BowTie 2 [32]. Nucleotide coverage per position
was estimated with GATK DepthOfCoverage [33] and coverage maps
were plotted with R [34]. Samples with<500 reads mapped to the
HPV reference were discarded from further analyses (Additional File 2).

2.4. HPV gene expression analysis (heatmap)

To certify that the amount of mature mRNAs coding for complete
proteins was accurately estimated and to avoid regions shared by
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Fig. 1. Representation of E6E7 alternative mRNAs for HPV16 and HPV18. The
E6 and E7 open read frames (ORFs) are respectively represented in gray and
white boxes, the first and the last genomic position of each ORF are indicated.
Dashed lines at the pre-mRNA represent the splicing events between donor
splicing site (5′ss) and acceptor splicing site (3′ss) of previously reported
mRNAs. (A) HPV16 E6E7 pre-mRNA contains three 5′ss (at positions 191, 221
and 226) and three 3′ss (at positions 409, 526 and 742). Until now six mRNAs
products originated from E6E7 pre-mRNA were reported, being five spliced
products (E6*I, E6*II, E6*X, E6*V and E6*VI) and one unspliced (E6/E7).
Additional four mRNAs can be hypothesized, with the splicing junctions:
221^526, 221^742, 191^526 and 191^742. (B) The HPV18 E6E7 pre-mRNA
contains one 5′ss (nt 233) and two 3′ss (nt 416 and 791), being reported three
alternative mRNAs: E6/E7 (unspliced), E6*I and E6*X.
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alternative transcripts, the expression of two or three regions of larger
genes (E6, E7, E1, E2, L1 and L2) was separately estimated (Additional
File 3). For each gene, the partial region with the lowest mean coverage
among samples was selected as representative of ORF expression. These
regions, together with the complete E4 and E5 ORFs, were subsequently
used as reference for mapping and counting reads with Subread aligner
[35]. However, when a complete ORF of a given gene was not covered
by reads in at least 80% of its length or uncovered regions encompassed
the first 100 bp in its 3′ partition, count estimates for the given gene in
the sample was assumed to be 0 (zero).

Read count values were used to build a matrix (sample versus gene),
and values were normalized by estimating the ratio between the read
count of each ORF and the total number of HPV reads of a sample. Log2
of these ratios were calculated and used to generate a heatmap in R
[34]; when count= 0 (zero) or considered to be zero, the ratio was
assumed to be 0.00001.

2.5. Analysis of alternative transcripts of E6 and E7

In order to verify the presence and quantify of alternative E6 and E7
transcripts, reads were mapped with BowTie 2 [32] to references of
manually constructed alternative transcripts. These sequences were
created based on all possible E6 and E7 splicing junctions in coding
region of HPV16 (191^409, 191^526, 191^742, 221^409, 221^526,
221^742, 226^409, 226^526 and 226^742) and HPV18 (233^416 and
233^731) (Additional File 4). Additionally, a concatenated nucleotide
sequence comprising the entire E6 and E7 genes was used as reference
for the unspliced E6/E7 transcript.

To verifying the occurrence of each transcript resulting from alter-
native splicing and avoiding methodological mapping artefacts, the
usage of each splicing junction was estimated from the number of reads
covering each junction. Splicing junction reads (SJRs) were identified
by (i) at least six contiguous nucleotides flanking each border of an
exon/exon junction in a given read (Additional File 5), and (ii) a
maximum of three mismatches along a read. Only splicing junctions
covered by at least six SJRs were considered true for each sample [22].
The number of reads covering the 5′ exon/intron junctions overlapping
nucleotides 226/227 of HPV16 and 233/234 of HPV18 was used for
quantifying expression of E6/E7 unspliced transcripts; reads were
considered true following the same criteria for SJRs.

2.6. Identification of viral integration sites in the human genome

A de novo transcriptome assembly was created with Trinity [36] for
identifying integration sites. A two-step approach was used for identi-
fying chimeric transcripts sharing human and HPV sequences on as-
sembled contigs. Firstly, contigs were compared with their corre-
sponding HPV reference sequence with Blast tools in the stingray@
galaxy platform [37], and contigs with alignment scores with e-va-
lues< 1×10−6 and identity score≥ 98% were selected. Subse-
quently, these selected contigs were aligned against the human genome
(GRCh38) with Blast online (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
and used as reference for mapping RNA-Seq reads with BowTie 2 [32].
Read coverage of each chimeric sequence was estimated based on the
number of reads overlapping at least six nucleotides in both directions
(Additional File 5) at the borders of each HPV/human junction.

To validate the presence of the selected chimeric transcripts
(Additional File 6), RT-PCR (reverse transcription-polymerase chain
reaction) assays were carried out using primers aligning the HPV and
human genomic regions of chimeric contigs (Additional File 7). RNA
was treated with RQ1 RNase-Free DNase (Promega) and cDNA was
synthesized with SuperScript® II Reverse Transcriptase (Thermo
Scientific) using random primers. Each reaction was performed in a
final volume of 25 μL containing 0.2mM of each dNTP, 25 pmol of each
primer, 1 U of Platinum Taq I DNA Polymerase (Life Technologies), 1×
reaction buffer and 2mM MgCl2. Reaction cycling condition was 95 °C

for 5min followed by 35 cycles of 95 °C for 30 s, annealing temperature
(see Additional File 7) for 30 s, extension at 72 °C for 40 s, and final
extension at 72 °C for 5min. Amplicons were purified with GFX PCR
DNA and Gel Band Purification kit (GE Healthcare) and sequenced in an
ABI Prism® 3130xl platform.

2.7. Analysis of E1/E2 integrity

Disruptions of the HPV genome resulting from integration were also
characterized by PCR amplifications of E1 and E2 ORFs in HPV16+ and
HPV18+ tumor DNA as previously reported [38,39]. The presence of
amplified products was checked by electrophoresis in 1.5% ultrapure
agarose gels. The integrity of each region was assumed when all PCR
amplicons were obtained for a given sample, while lack of amplification
of any PCR product was indicative of viral DNA integration [40–42].
Due to possible PCR bias, all PCR reactions without the expected am-
plicon were repeated with the respective primers pair.

3. Results

Analyzes of RNA-Seq data showed a median of 44,377,920 quality
filtered reads (Phred score > 20) from 12 HPV16+ tumor samples and
the CaSki cell line, and 47,967,862.5 from 10 HPV18+ tumors. The
majority of HPV16+ reads (77.4% to 83.8%) mapped to the human
genome (GRCh38), while 0% to 0.125% mapped to the HPV16 genomic
reference (K02718.1) (Additional File 2). Two samples (HPV16_8 and
HPV16_11) were discarded from further analyses due to their low
number of HPV-mapped reads. On the other hand, 80.7% to 85.6% of
HPV18+ samples mapped to the human genome (GRCh38), and
0.004% to 0.042% to the HPV18 genomic reference (AY262282.1)
(Additional File 2).

3.1. HPV gene expression patterns

HPV16 and HPV18 expression patterns in tumors and CaSki cells are
illustrated in heatmaps (Fig. 2A and B, respectively) based on read
counts of selected regions with potentially translatable mRNAs of
complete E6, E7, E1, E2, E4, E5, L2 and L1 ORFs. Regions with over-
lapping ORFs (like between E2 and E4) and regions present in multiple
splicing isoforms were disconsidered.

In most of samples of either HPV type, E7 showed the highest ex-
pression with respect to other genes (Fig. 2). On the other hand, the E6
expression pattern differed between HPV16+ and HPV18+ samples,
being highly variable among the former but uniform among the latter.
Heatmaps showed two different sets of HPV16+ samples with respect
to E2 and E4 expression (Fig. 2A) and two sets of HPV18+ samples with
respect to E2 expression (Fig. 2B). On the other hand, heatmaps did not
show association between sample sets, tumor histology or viral lineage
(Additional File 1).

E5 was found to be expressed in 4/11 HPV16+ samples and 7/10
HPV18+ samples. Low expression of late genes (L1 and/or L2) was
detected in 4/11 HPV16+ and 3/10 HPV18+ samples (Fig. 2 and
Additional File 3).

3.2. HPV genome integration

A PCR-based strategy for detecting HPV genome disruption in E1 or
E2 ORFs indicated that 6/11 HPV16+ and 9/10 HPV18+ samples
were disrupted in tumors and CaSki cells (Table 1, and Additional File
8). On the other hand, RNA-Seq data analysis showed evidence of
chimeric transcripts in 8/11 HPV16+, 9/10 HPV18+ samples and
CaSki cells, indicating HPV integration into the host genome. A com-
parison between these two approaches showed discordant estimates of
viral disruption in four HPV16+ samples (HPV16_1, HPV16_5,
HPV16_7, HPV16_12) and CaSki cells.

The identification of chimeric transcripts provided information on
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the site of viral integration (Table 1 and Additional File 6). Integration
took place within human genes in eight HPV18+ samples and two
HPV16+ samples, and in intergenic regions in seven samples, six
HPV16+ and one HPV18+. In most samples, single chimeric tran-
scripts were found. In two samples (HPV18_7 and HPV18_9), the single
chimeric transcripts showed HPV-flanked human sequences, indicating
that two closeby integration events had occurred within the same gene
in each sample. More than one chimeric transcript was found in two
samples, HPV16_5 and HPV18_10. HPV16_5 was the only sample with
chimeric transcripts resulting from two integration events in different
human chromosomes (13 and the X chromosome), while HPV18_10
showed two chimeric transcripts with different fragments of the NRXN1
gene. Finally, in two other samples, HPV16_12 and HPV18_4, chimeric
transcripts could not be confirmed by RT-PCR (reverse transcription-
polymerase chain reaction; Table 1 and Additional File 9).

Chimeric transcripts contained different HPV genomic regions at the
HPV/human borderline. In six HVP16+ samples, nucleotide 880 of the
viral genome, located in the E1 gene, was recurrently found at the HPV/
human borderline, while in HPV18+ samples, nucleotide 929, also
within E1, was the most frequent viral position at the HPV/human
borderline (in 7 samples; Table 1). In other samples herein analyzed,
positions located within E2, E7 and L2 were found at the HPV/human
borderline.

3.3. Alternative splicing along E6 and E7 ORFs

In all HPV16+ and all HPV18+ samples, the alternative E6*I
transcript (with respectively splicing junctions 226^409 and 233^416)
was the most highly expressed (Tables 2 and 3, respectively), ranging
from 72.02% to 89.24% in HPV16+ samples, and from 72.06% to
94.88% in HPV18+ samples. In HPV16+ samples, the second and
third most highly expressed transcripts were E6*II (with 226^526

splicing junction) and the unspliced E6/E7 transcript. E6*II was the
second most highly expressed transcript in seven samples (HPV16_1,
HPV16_2, HPV16_5, HPV16_7, HPV16_9, HPV16_10, HPV16_12) and
CaSki cells, although with a tenfold lower expression than the E6*I
transcript. E6/E7 was the second most highly expressed transcript in
three samples (HPV16_3, HPV16_4, HPV16_6). Transcripts with the
226^742 junction (E6*X), with more than six splicing junction reads
(SJRs – see methods), were found in three samples (HPV16_1, HPV16_4,
HPV16_7) and CaSki cells, while E6*VI (with the 191^409 junction) was
only found in CaSki cells with more than six SJRs. Transcripts with
junction 221^409 (E6*V), although present in three samples, were not
covered by at least six SJRs, while the four hypothetical transcripts with
junctions 191^526, 191^742, 221^526 and 221^742 were not detected in
any sample (Table 2).

In HPV18+ samples the E6/E7 unspliced transcript was the second
most highly expressed in all samples, ranging from 5.12% to 31.42%
(Table 3), while transcripts with splicing junction 233^791 (E6*X) were
not detected.

4. Discussion

In this study we analyzed the expression of the HPV genome in
cervical cancer associated with single HPV16 and HPV18 infections.
The proportion of HPV RNA-Seq reads varied considerably between
samples, a finding that might reflect different proportions of tumor and
normal cells in each of them, a variable not taken in consideration in
this study. This might explain the low number of HPV reads in HPV16_8
and HPV16_11 samples (with 25 and 17 reads, respectively). On the
other hand, differences in expression levels may also reflect actual
differences in the amount of HPV mRNA reads.

PCR-assays and RNA-Seq analysis showed discordant estimates of
the presence of integrated and episomal viral DNA. In fact, both

Table 1
Integration analyses of HPV16+ or HPV18+ in invasive cervical samples by identification of chimeric transcripts using RNA-Seq or by PCR-based methodology (E1
or E2 disruption).

Samples Chimeric transcripts E1 or E2 disruption

HPV breakpoint (ORF) Human breakpoint Locus (Gene) Coverage a PCR/Sanger b

HPV16_1 880 (E1) 150,577,491 1q21.2 (MCL1) 679 + −
HPV16_2 880 (E1) 206,950,242 1q32.1 33 + E1, E2
HPV16_3 880 (E1) 138,685,418 4q31.1 361 + E1
HPV16_4 880 (E1) 33,714,736 20q11.22 (PXMP4) 280 + E1, E2
HPV16_5 880 (E1) 73,145,556 13q22.1 191 + −

3637 (E2) 89,010,656 Xq21.31 39 +
HPV16_6 ND ND ND ND ND −
HPV16_7 ND ND ND ND ND E1, E2
HPV16_9 880 (E1) 102,768,320 11q22.2 618 + E2
HPV16_10 ND ND ND ND ND E1
HPV16_12 4189: 4215 (L2) 41,480,536: 41,480,562 9p11.2 3 − −
CaSki 3727: 3729 (E2) 45,691,386: 45,691,388 6p21.1 4041 + −
HPV18_1 929 (E1) 58,225,822 15q21.3 (ALDH1A2) 233 + E2
HPV18_2 929 (E1) 189,889,340 3q28 (TP63) 230 + E2
HPV18_3 ND ND ND ND ND −
HPV18_4 673: 680 (E7) 102,952,168: 102,952,175 11q22.2 (MMP13) 209 − E1
HPV18_5 929 (E1) 230,037,531 2q36.3 (SLC16A14) 989 + E2
HPV18_6 3053: 3062 (E2) 49,758,595: 49,758,598 20q13.13 334 + E2
HPV18_7c 929 (E1) 61,520,063 14q23.1 (PRKCH) 955 + E2

3854 (E2) 61,519,708 14q23.1 (PRKCH) 691 +
HPV18_8 929 (E1) 11,259,003 3p25.3 (HRH1) 128 + E2
HPV18_9c 929 (E1) 68,561,998 14q24.1 (RAD51B) 30 + E2

5117 (L2) 68,562,438 14q24.1 (RAD51B) 25 +
HPV18_10d 929 (E1) 50,024,114 2p16.3 (NRXN1) 103 + E1, E2

929 (E1) 49,943,791 2p16.3 (NRXN1) 178 +

ND – Not determined.
a Chimeric transcript coverage was obtained from the number of reads covering the integration junction (HPV/human - see method session).
b Validation of chimeric transcripts by RT-PCR and Sanger sequencing. Electropherograms shown at Additional File 9.
c Two integration junctions in a same chimeric transcript.
d Two independents chimeric transcripts.
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methods are limited because they do not allow the identification of the
simultaneous presence of episomal and integrated viral DNA, and are
incapable of identifying integration of multiple copies of the viral
genome. On the other hand, disruptions of viral DNA outside the E1 or
E2 ORFs cannot be detected by the PCR-based approach. A comparison
between these approaches indicated that the identification of chimeric
reads by RNA-Seq provided a more reliable estimate of viral integra-
tion. The identification of chimeric transcripts without E1 or E2 dis-
ruption detected by PCR (in four HPV16+ samples), might indicate
either simultaneous presence of episomal and integrated viral genomes
or integration of multiple HPV copies (in tandem or with disruption at
different sites).

The chimeric transcripts showed that the donor splicing sites in E1,
at position 880 of HPV16 and 929 of HPV18, were recurrently present
at the boundaries between HPV/human sequences. These findings did
not indicate that disruption of the viral genome occurred at these po-
sitions; it rather indicated that the chimeric transcript resulted from a
splicing event between viral sites 880 or 929 with a nearby acceptor
splicing site in the human genome. Altogether, our data corroborated
that these positions in HPV16 or HPV18 were strong donor splicing
sites, unrestricted by the HPV genomic context, and used by these viral
types to produce mature mRNAs for E1^E4 protein translation
[28,43,44]. These findings also indicated that the rupture of the viral
genome occurred at positions downstream of these sites, as previously
reported [45,46].

Chimeric transcripts showed that integration occurred in different
chromosomes, most frequently at intergenic regions by HPV16, and
within genes by HPV18 (Table 1). Some reports showed that integra-
tions frequently occurred inside or next to genes associated with

oncogenesis [22,47], while, in this study, integration occurred within
10 different human genes, some of which previously reported, and
other ones considered to be tumor suppressors (TP63 and RAD51B)
[18,46,48–51].

The methods herein carried out pointed to the exclusive presence of
episomal DNA in a single HPV16+ sample (HPV16_6). This was be-
cause (i) its expression pattern showed transcripts of all viral genes, (ii)
PCR assays did not provide evidence of E1/E2 disruption, and (iii)
chimeric transcripts were not detected. Heatmap analysis (Fig. 2)
pointed to the presence of episomal HPV genomes in HPV16_12,
HPV16_10 and HPV16_1 samples because RNA-Seq reads covered all
viral genes, although the presence of chimeric transcripts in HPV16_1
and HPV16_12 suggested simultaneous presence of integrated viral
DNA. In HPV16_10, PCR assays suggested disruption of the viral
genome although chimeric transcripts could not be detected, a reason
why viral integration could not be demonstrated. In the remaining
seven samples, the expression pattern of the viral genes, presence of
chimeric transcripts and/or disruption of the viral genome at E1/E2
were consistent with the exclusive presence of an integrated viral
genome. It should be stressed, however, that the simultaneous presence
of episomal and integrated viral genomes could not be distinguished
from multiple copy, tandem integrations [52–55] because expression of
all viral genes and presence of chimeric transcripts would be detectable
in both cases.

Analyzes of HPV18+ tumors were consistent in detecting viral in-
tegration in 9/10 samples (Table 1), pointing to a higher frequency of
integration of HPV18 with respect to HPV16, as previously reported in
almost all HPV18+ tumors and approximately 80% of HPV16+ tumors
[8,56]. All samples, except HPV18_3, were concordant in presenting

Table 2
Number of reads covering splicing junctions and the frequency (%, between parentheses) of E6E7 alternative transcripts for HPV16+ samples.

Splicing junctions HPV16_1 HPV16_2 HPV16_3 HPV16_4 HPV16_5 HPV16_6 HPV16_7 HPV16_9 HPV16_10 HPV16_12 CaSki

191^409 (E6*VI) 1 0 0 0 1 0 0 0 0 0 7
(0,07) (0) (0) (0) (0,09) (0) (0) (0) (0) (0) (0,09)

191^526 0 0 0 0 0 0 0 0 0 0 0
(0) (0) (0) (0) (0) (0) (0) (0) (0) (0) (0)

191^742 0 0 0 0 0 0 0 0 0 0 0
(0) (0) (0) (0) (0) (0) (0) (0) (0) (0) (0)

221^409 (E6*V) 0 0 1 0 0 0 1 0 0 0 5
(0) (0) (0,17) (0) (0) (0) (0,04) (0) (0) (0) (0,07)

221^526 0 0 0 0 0 0 0 0 0 0 0
(0) (0) (0) (0) (0) (0) (0) (0) (0) (0) (0)

221^742 0 0 0 0 0 0 0 0 0 0 0
(0) (0) (0) (0) (0) (0) (0) (0) (0) (0) (0)

226^409 (E6*I) 1317 160 523 853 950 157 1991 626 578 163 6431
(87,05) (87,43) (87,17) (79,87) (84,15) (72,02) (89,24) (88,29) (77,07) (79,13) (85,96)

226^526 (E6*II) 133 16 22 85 112 25 170 63 123 24 837
(8,79) (8,74) (3,67) (7,96) (9,92) (11,47) (7,62) (8,89) (16,40) (11,65) (11,19)

226^742 (E6*X) 13 0 0 12 2 3 41 4 2 5 90
(0,86) (0) (0) (1,12) (0,18) (1,38) (1,84) (0,56) (0,27) (2,43) (1,20)

E6/E7a 49 7 54 118 64 33 28 16 47 14 111
(3,24) (3,83) (9,00) (11,05) (5,67) (15,14) (1,26) (2,26) (6,27) (6,80) (1,48)

Total 1513 183 600 1068 1129 218 2231 709 750 206 7481

a Number of reads covering the exon-intron juxtaposition (nucleotides 226/227) are shown for E6/E7 unspliced transcripts.

Table 3
Number of reads covering splicing junctions and the frequency (%, between parentheses) of E6E7 alternative transcripts for HPV18+ samples.

Splicing junctions HPV18_1 HPV18_2 HPV18_3 HPV18_4 HPV18_5 HPV18_6 HPV18_7 HPV18_8 HPV18_9 HPV18_10

233^416 (E6*I) 1189 330 181 204 1581 559 2614 467 97 405
(86,28) (77,65) (80,80) (94,88) (76,97) (74,63) (88,70) (68,58) (92,38) (72,06)

233^791 (E6*X) 0 0 0 0 0 0 0 0 0 0
(0) (0) (0) (0) (0) (0) (0) (0) (0) (0)

E6/E7a 189 95 43 11 473 190 333 214 8 157
(13,72) (22,35) (19,20) (5,12) (23,03) (25,37) (11,30) (31,42) (7,62) (27,94)

Total 1378 425 224 215 2054 749 2947 681 105 562

a Number of reads covering the exon-intron juxtaposition (nucleotides 233/234) are shown for E6/E7 unspliced transcripts.
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chimeric transcripts and E1/E2 disruption detected by PCR assays.
Samples HPV18_6, HPV18_2 and HPV18_5 showed an exclusive ex-
pression pattern of viral integration, suggesting E1 rupture in HPV18_6
and E2/E4 rupture in the two other samples. Conversely, in the re-
maining samples, E5 expression was detected despite E1/E2 disruption.
Discordance between expression patterns and disruptions might be a
result of viral integration within human genes, consequently to which
the presence of E5 reads probably resulted by throughout transcription
from a human gene promoter to the viral integrated genome (Addi-
tional File 10). HPV18_3 was the only HPV18+ sample lacking chi-
meric transcripts as well as E1/E2 disruption, suggesting that the viral
genome was exclusively present as an episome, without expression of
late genes.

Analyses of alternative splicing isoforms comprising the E6 and E7
genes (Tables 2 and 3) showed that E6*I was the most abundant tran-
script in HPV16 and HPV18, resulting from a splicing event that al-
lowed E7 translation. This finding coincided with expression patterns
(Fig. 2) showing that E7 was more highly expressed than E6.

In most HPV16 samples, the proportion of E6*I was approximately
tenfold higher than E6*II, as previously reported [23,26,57] but we also
found two other transcripts, E6*VI (191^409) and E6*V (221^409)
previously reported by Ajiro et al. [24]. Transcript E6*VI was found in
CaSki cells, and with less than six SJRs in two samples (HPV16_1 and
HPV16_5), while transcript E6*V was found only in CaSki cells, and
with< 6 SJRs in other two samples (in HPV16_3 and HPV16_7). CaSki
cells were the only ones with> 6 SJR for E6*VI and E6*V and with the
highest number of sequenced reads (Additional File 2), suggesting that
these transcripts were weakly expressed. In HPV18+ samples, tran-
script E6*X, identified by Ajiro and Zheng [25], was not detected
(Table 3). Our findings suggest that there is no difference in the pro-
portion of different isoforms of E6E7 transcripts among tumoral sam-
ples containing episomal and/or integrated HPV genome, in agreement
with previous works [58,59].

5. Conclusion

The present approach allowed the characterization of HPV16 and
HPV18 expression patterns in invasive cervical tumors and identified
potential carriers of viral episomes. HPV18 was found to be recurrently
integrated within genes. With respect to alternative splicing isoforms
encompassing the major viral oncogenes (E6 and E7), the E6*I tran-
script, allowing E7 translation, was the most frequently expressed in all
HPV16+ and HPV18+ samples, while other alternative transcripts
showed low levels of expression or could not be detected; their iden-
tification requiring deep RNA-Seq read coverage.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ygeno.2018.12.008.
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