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Multiple infections by HPV genotypes are frequently detected in HPV + cervical lesions but the interaction
between each viral genotype during carcinogenesis is poorly understood. Here we carried out a comprehensive
study to characterize the multiple HPV expression and integration by RNA-seq analyses of 19 invasive cervical
carcinomas coinfected by several HPV genotypes. Analysis of tumor DNA by a hybridization assay indicated
multiple infections ranging from 2 to 6 different HPV genotypes. RNA-seq analysis showed that a single HPV

genotype was preferentially expressed. Finally, the search for HPV/human chimeric transcripts indicated in-
tegration from preferentially expressed genotypes. In conclusion, the present study indicated that, in invasive
cervical carcinomas infected by multiple HPV genotypes, one HPV was preferentially expressed, supporting the
hypothesis that a single HPV genotype was associated with cancer development.

1. Introduction

Human papillomavirus (HPV) infection is the main cause of cervical
cancer, the fourth most frequent cancer in women worldwide [1,2].
HPV is a small non-enveloped, double stranded DNA virus with a
genome of approximately 8 kb. It usually contains six early expressed
genes (E1, E2, E4, E5, E6 and E7) responsible for viral DNA replication
and gene expression and two late expressed genes (L1 and L2) coding
for capsid proteins during its productive viral cycle [3]. E6 and E7, the
major HPV oncogenes, are transcribed as a bicistronic pre-mRNA [4].
Splicing of intron 1 (located at the E6 ORF) is required to produce the
E6* transcript responsible for E7 translation, while intron 1 retention
(forming E6E7 mRNA) is necessary for E6 translation [5]. The HPV
genome remains as an episome during the productive cycle; however,
along the carcinogenic process, it usually integrates into the host cell
genome, mainly through disruption at E1 or E2 coding regions [6].
Integration into the host genome can occur at any region although some
reports indicated that it preferentially occurs at fragile sites and tran-
scriptionally active regions [7-9].

According to International HPV Reference Center from Karolinska
Institutet (https://ki.se/en/labmed/international-hpv-reference-center)
more than 200 different HPV genotypes have been identified but the
most relevant genotypes causing anogenital high-grade lesions and

cancer belong to the Alphapapillomavirus (a-papillomaviruses), a genus
comprising low-risk (LR-HPV) and high-risk (HR-HPV) HPVs for cancer
development. Multiple infection by different HPV genotypes is fre-
quently reported in women without lesions and in cervical lesions,
corresponding to 20-50% of all HPV+ cervical infections [10,11].
Coinfection by multiple HPV genotypes is considered a risk factor for
invasive cervical carcinogenesis, increasing 4.1-fold the risk for cancer
development [12]. It is assumed that infections by different HPV gen-
otypes occurs independently, with limited interaction between them
[13]. The carcinogenic process associated with multiple HPV infections
is not well understood; it is unknown whether all genotypes contribute
equally to cervical cancer development, and whether simultaneous in-
fections occur randomly or preferentially associated with specific gen-
otypes [12]. Additionally, there is no information on interaction be-
tween HPV genotypes and the pattern of viral expression in carcinomas
with multiple infections.

To understanding multiple HPV infection in the biology of cervical
cancer, we carried out an exploratory analysis of the viral transcriptome
of 19 cases of invasive cervical carcinomas coinfected by several HPV
genotypes. By analyzing RNA-seq data we tested whether (i) all viral
genotypes detected in each biopsy expressed their genes, (ii) all geno-
types present in each biopsy expressed transcripts required for trans-
lation of the major E6 and E7 viral oncoproteins, and (iii) all viral
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genotypes in multiple infections were integrated in the host genome.
2. Material and methods
2.1. Samples selection and nucleic acid isolation

Nineteen biopsies of invasive cervical carcinomas (HPVco_l to
HPVco_19), previously characterized by presenting multiple HPV in
coinfections, were selected from a sample set from patients admitted to
the Instituto Nacional de Cincer - INCA, Rio de Janeiro - Brazil for
cancer treatment [14]. Biopsies were collected before treatment, stored
in RNAlater (Qiagen) at —80 °C. DNA and RNA were isolated from the
same biopsy fragments with Qiagen Allprep DNA/RNA mini kit (Qiagen)
according to the manufacturer's instructions. Following isolation, DNA
and RNA were quantified by spectrophotometry and stored at —20 °C
and — 80 °C, respectively.

2.2. Identification of HPV genotypes

Identification of HPV genotypes in each sample was carried out with
the High + Low PapillomasStrip Hybridization Kit (Operon) following the
manufacturer's instructions. This method allows the identification of 37
different HPV genotypes by reverse hybridization, comprising 19 HR-
HPVs (genotypes: 16, 18, 26, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59,
66, 68, 69, 73 and 82) and 18 LR-HPVs (genotypes: 6, 11, 40, 42, 43,
44, 54, 61, 62, 67, 70, 71, 72, 74, 81, 83, 84 and 91).

2.3. High throughput mRNA sequencing and data preprocessing

Each library was prepared with total RNA (0.1 to 4 pg) with TruSeq
RNA Sample Prep Kit (Illumina) according to the manufacturer's re-
commendations. Libraries were run, with paired-end sequencing
strategy, in a HiSeq 2500 platform (Illumina). Casava 1.8 (Illumina)
was used for obtaining Fastq files, comprising demultiplexed reads and
allowing a single barcode mismatch. Low quality reads, with mean
phred scores < 20 and lengths < 30 bp were filtered out using
PRINSEQ. [15] as previously reported [16].

2.4. Identification of HPV genotype expression by read sequencing

To identify which HPV genotype was expressed in each sample,
quality filtered reads were mapped against reference genomes from 64
a-HPVs genotypes deposited in GenBank (Additional Files 1). Mapping
was performed with Bowtie2 (version 2.2.2) [17] with the default set-
ting. Mapped reads to each genotype reference sequence were checked
using Integrative Genomics Viewer (IGV) [18], and the coverage per
nucleotide was estimated with GATK DepthOfCoverage [19]. Coverage
per base was subsequently used for estimating the mean depth coverage
for each HPV genotype and its breadth of coverage (the extension of
HPV genome coverage by sequence reads) using R [20]. Depth coverage
was plotted against breadth coverage, in base pairs, for each sample.
This allowed us to simultaneously compare expression by depth and
extension of each virus genotype infecting each patient.

2.5. E6E7 alternative transcripts

The presence and quantification of E6E7 alternative transcripts of
the HPV coinfecting genotypes were analyzed following a strategy
previously developed by our group [16]. Sequenced reads were mapped
against reference sequence of each E6E7 alternative transcript, manu-
ally constructed according to previously known splicing junctions:
2267409, 226526, 226"742 for HPV16 [21,22]; 2337416, 2337791 for
HPV18 [5,23,24]; 2107413 for HPV31 [25,26]; 231°509, 231785 for
HPV33 [27]; 2287419 for HPV35 [28]; 2317420 for HPV39 [28];
2307413 for HPV45 [29]; 2247502 for HPV52 [29]; 2327510 for HPV58
[30]; and 2327415 for HPV68 [29]. The expression of E6/E7 unspliced
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transcript and E6* alternative transcripts were also quantified as pre-
viously reported taking into account the number of splicing junction
reads (SJRs) [16].

2.6. Integration analysis by identification of HPV/human chimeric
transcripts

To identify integration sites in the human genome and disruption
sites within the viral genome, we used a de novo transcriptome assembly
approach for identifying likely HPV/human chimeric transcripts, as
previously described [16]. To validate each assembled chimeric tran-
script (Additional File 2), RT-PCR assays were carried out using specific
primer pairs annealing at human and viral regions (Additional File 3).
RNA samples were treated with RQ1 RNase-Free DNase (Promega) and
c¢DNA was synthesized with SuperScript® II Reverse Transcriptase (Thermo
Scientific) using random primers. PCR amplification reactions were
performed in final volumes of 25 pl containing 0.2 mM of each dNTP,
25 pmol of each primer, 1 U Platinum Taq I DNA Polymerase (Life
Technologies), 1 X reaction buffer and 2 mM of MgCl,. Cycling con-
ditions were 95 °C for 5 min followed by 35 cycles at 95 °C for 30 s,
annealing temperature (see additional File 3) for 30 s, extension at
72 °C for 40 s, and final extension at 72 °C for 5 min. Amplicons were
analyzed by gel electrophoresis in 1.8% ultrapure agarose gels (Life
Technologies), purified with GFX PCR DNA and Gel Band Purification kit
(GE Healthcare), and subsequently sequenced in an ABI Prism® 3130xl
platform.

3. Results

3.1. Identification of HPV genotypes coinfecting invasive cervical
carcinomas

Hybridization analyses of 19 cervical tumors with previously de-
tected [14] multiple HPV genotypes allowed us to identify viral geno-
types in each sample. Presence of HPV coinfection ranged from two to
six different HPV genotypes (Table 1). Sample HPVco_15 was the only
one infected by six different HPVs. HPV16 was detected in all samples
but one (HPVco_12), and HPV18 was the second genotype more fre-
quently detected. Low-risk HPV genotypes (HPV42, HPV54 and HPV61)
were also detected in coinfection with HR-HPVs in four samples
(HPVco_3, HPVco_4, HPVco_5 and HPVco_7).

Table 1
Identification of infected HPV genotypes by hybridization
assay.
Samples Genotypes
HPVco_1 16, 18
HPVco_2 16, 18, 45
HPVco_3 16, 45, 58, 54"
HPVco_4 16, 18, 54%, 617
HPVco 5 16, 18, 33, 54°
HPVco_6 16, 18
HPVco_7 16, 42°
HPVco 8 16, 45
HPVco 9 16, 45
HPVco_10 16, 18
HPVco_11 16, 39
HPVco_12 31, 35, 39
HPVco_13 16, 18, 31
HPVco_14 16, 18, 33, 45
HPVco_15 16, 18, 31, 33, 35, 52
HPVco_16 16, 31, 33, 39, 68
HPVco_17 16, 18, 31, 33
HPVco_18 16, 18, 31, 33, 39
HPVco_19 16, 18

2 LR-HPV genotypes.
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3.2. Expression of genotypes coinfecting cervical cancers

A mean of 86,600,386 quality filtered reads (Phred score > 20)
were obtained after high throughput sequencing per tumor sample.
More than 80% of sequenced reads per sample mapped to the human
genome (GRCh38), while less than 0.1% of reads mapped to the re-
ference sequence of a-HPV genotypes (Additional File 1). In five sam-
ples (HPVco_2, HPVco_6, HPVco_10, HPVco_15 and HPVco_17) a small
number of HPVs reads (< 600) were detected, and these samples were
excluded from RNA-seq analyses (Additional File 4).

To identify which HPV genotype was expressing its genome, RNA-
seq reads were mapped to a-HPVs reference sequences. Two factors
were taken in consideration (i) the depth coverage of the sequenced
viral genome, and (ii) the breadth of coverage (Fig. 1 and Additional
File 5). Transcripts of a single HPV genotype were detected in one
sample (HPVco_18), and two to four genotypes in the remaining 13
samples (Additional File 5). Despite that more than one viral genotype
were detected in these samples, one genotype presented a higher ex-
pression (with depth coverage higher than 20 x and a simultaneous
breadth of coverage higher than 20%) (Fig. 1). Additionally, in seven
samples (HPVco_3, HPVco_4, HPVco_7, HPVco_8, HPVco 9, HPVco_12
and HPVco_16), RNA-seq showed mRNA reads of HPV genotypes un-
detected by hybridization assays, all of them with low depth coverage
and low breadth coverage (Additional File 5).

3.3. Detection of E6E7 splicing isoforms

Splicing events of the primary mRNA from the early promoter re-
gion of HR-HPVs are crucial for translation of viral proteins. In HR-
HPVs, the splicing event removes a segment of the E6 open reading
frame required for producing the mature transcript for E7 translation.
On the other hand, mRNAs carrying the complete E6 ORF are required
for E6 translation. To verify whether the mRNAs detected by RNA-seq
were capable of translating E6 and E7, RNA-seq data were analyzed for
the presence of splicing junction reads (SJR).

Splicing analyses of E6E7 transcripts allowed the detection of SJRs,
with one genotype presenting a higher number of SJRs than the other
coinfecting genotypes (Table 2); this genotype showing the highest
sequence coverages (Fig. 1). In most cases, a higher number of SJRs was
found in the spliced E6*] transcript than in unspliced E6/E7 transcripts,
except for HPV39 (HPVco_11) (Table 2).

3.4. Viral genome integration

As integration of the viral genome to the host genome is a common
event in cervical cancer, we searched for chimeric reads (HPV/human)
to determine whether a specific HPV genotype or more than one gen-
otype were integrated in each sample.

The presence of HPV/human chimeric transcripts was found in 12 of
14 samples (Table 3). Integration of two different HPV genotypes was
found in a single sample (HPVco_8) where HPV16 and HPV45 were
integrated at different human loci. The identification of chimeric
transcripts provided information about the site of integration in the
host genome (Table 3 and Additional File 6). Integration took place in
human genes in six samples, and in intergenic regions in six others. A
single chimeric transcript was found in most samples, although more
than one chimeric transcript, indicating multiple integration events,
were found in four samples (HPVco 5, HPVco8, HPVco 9 and
HPVco_18), in nearby chromosome regions, except for HPVco_8. The
chimeric transcripts of HPVco_3, HPVco_7 and HPVco_8 (for HPV45)
were not independently confirmed by RT-PCR (Table 3).

The majority of chimeric transcripts showed EI1 or E2 sequences at
their borderlines. Some chimeric transcripts showed that the limits
between HPV/human borders occurred at the viral genomic positions
880 for HPV16, and 929 for HPV18 and HPV45 (sites located in the E1
gene), indicating that mature transcripts were generated by a splicing
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process of chimeric mRNA [16,31,32], where the viral genomic posi-
tions were donor splicing sites. For samples HPVco 5 and HPVco_7
chimeric transcripts suggested disruption in E7 and within the inter-
genic region between E5 and L2, respectively (Table 3).

4. Discussion

Although multiple HPV infections are frequently reported in normal
cervical tissue, pre-neoplastic lesions and cervical cancer [10,11], the
association between the presence of different HPV genotypes and
cancer development is poorly understood. Most studies were focused on
epidemiological data, with multiple HPV infections based on detection
of HPV DNA [13,33-39]. In this work, multiple infections in cervical
cancers were characterized by analyzing the expression of viral geno-
types by RNA-seq, an approach allowing the identification and quan-
tification of HPV genotype expression.

The identification of infective HPV genotypes in cancer biopsies by
reverse hybridization detected the presence of two to six different
genotypes (Table 1). Despite the identification of multiple HPV infec-
tions, expression analysis showed a preferential expression of a single
genotype (Fig. 1). Lack of detection of transcripts from all HPV geno-
types previously detected by reverse hybridization pointed to the fol-
lowing alternatives: (i) presence of viral genomes that remained non-
expressed in tumors, (ii) detected genotypes without their corre-
sponding transcripts were actually virions that did not express their
genes. On the other hand, in seven samples (HPVco_3, HPVco 4,
HPVco_7, HPVco_8, HPVco_9, HPVco_12 and HPVco_16) RNA from HPV
genotypes undetected by hybridization assays was present (Additional
File 5). This could be explained by the genomic similarity between
some HPV genotypes, which can cause missmapping during the com-
putational analysis.

Overexpression of E6 and E7 is an important step for tumor devel-
opment [40] and HPV DNA integration is associated to overexpression
of these two oncogenes [41-43]. When searching for E6E7 alternative
transcripts from previously identified HPV genotypes, the HPV geno-
type with the highest genome expression was also the one with the
highest production of E6E7 alternative transcripts (Table 2), mainly of
the E6*I transcript, responsible for E7 translation. Altogether, these
findings pointed to the predominance of a specific HPV genotype in the
development of cervical cancers with multiple infections. Conversely, a
recent publication analyzing the expression of E6 protein in HPV16/18
coinfection showed the simultaneous expression of E6, indicating that
both viruses might contribute to cervical lesions [44].

In agreement with our previous results, HPV genotype integrated in
the host genome was the highly expressed or the only one expressed. In
a single tumor biopsy (HPVco_8, see Table 3), transcriptome analysis
showed the integration of two genotypes (HPV16 and HPV45). As the
presence of HPV45/human chimeric transcripts was supported by few
reads, it is possible that the integrated HPV45 was transcribed from a
cell promoter with low transcriptional activity [16].

Information regarding the infection by multiple HPV genotypes is
necessary to better understand the populational infection pattern and,
consequently, find out a better strategy for diagnosis, prevention and
eventually for vaccination. To our knowledge this is the first study to
analyze the transcriptome of HPV genotypes in invasive cervical car-
cinoma biopsies with multiple infections. A previous work, based on
exfoliated cells (collected by cytobrush), reported the presence of viral
mRNA by qRT-PCR from at least one genotype in coinfected pre-can-
cerous lesions and invasive cancer, however the study was restricted to
E6E7 transcripts, and a single invasive cervical cancer with multiple
infection was analyzed [45].

This work is limited with respect to: (i) the strategies for genotype
identification that did not rule out the presence of other non-
Alphapapillomavirus genotypes; (ii) the impossibility of detecting a
likely integration of viral genotypes that do not express their genomes;
and (iii) the expression of genotypes undetected by reverse
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Table 2
Counting of splicing junction reads for E6E7 alternative transcripts.
Genotype E6E7 transcripts Splicing junction Samples
HPVco_1 HPVco_3 HPVco_4 HPVco_5 HPVco_7 HPVco_8 HPVco 9
HPV16 E6%1 226409 611 0 1535 2 2088 394 675
E6*1I 226°526 53 0 445 0 218 58 28
E6°E7 226742 1 0 1 0 1 0 0
E6/E7 - 7 0 41 0 299 20 144
HPV18 E6*1 233416 0 - 0 4500 - - -
E6°E7 233791 0 - 0 0 - - -
E6/E7 - 0 - 0 583 - - -
HPV31 E6*1 2107413 - - - - - - -
E6/E7 - - - - - - - -
HPV33 E6*1 2317509 - - - 0 - - -
E6*II 2317785 - - - 0 - - -
E6/E7 - - - - 0 - - -
HPV35 E6*1 2287419 - - - - - - -
E6/E7 - - - - - - - -
HPV39 E6*1 2317420 - - - - - - -
E6/E7 - - - - - - - -
HPV45 E6*1 230413 - 804 - - - 0 0
E6/E7 - - 126 - - - 0 0
HPV52 E6*1 224°502 - - - - - - -
E6/E7 - - - - - - - -
HPV58 E6*1 2327510 - 3 - - - - -
E6/E7 - - 0 - - - - -
HPV68 E6*1 232415 - - - - - - -
E6/E7 - - - - - - - -
Genotype E6E7 transcripts Splicing junction Samples
HPVco_11 HPVco_12 HPVco_13 HPVco_14 HPVco_16 HPVco_18 HPVco_19
HPV16 E6*1 226409 4 - 3104 1 2 859 5117
E6*II 226"526 0 - 288 0 0 67 527
E6°E7 226"742 0 - 0 0 0 2 4
E6/E7 - 0 - 197 0 0 41 305
HPV18 E6*1 233416 - - 5 2003 - 0 0
E6°E7 233791 - - 0 0 - 0 0
E6/E7 - - - 0 422 - 0 0
HPV31 E6*1 210413 - 253 0 - 0 0 -
E6/E7 - - 109 0 - 0 0 -
HPV33 E6*1 2317509 - - - 0 649 0 -
E6*1I 2317785 - - - 0 54 0 -
E6/E7 - - - - 0 128 0 -
HPV35 E6*1 228419 0 - - - - -
E6/E7 - - 0 - - - - -
HPV39 E6*I 2317420 0 0 - - 0 0 -
E6/E7 - 33 0 - - 0 0 -
HPV45 E6*1 230413 - - - 0 - - -
E6/E7 - - - - 0 - - -
HPV52 E6*1 224°502 - - - - - - -
E6/E7 - - . - N N N -
HPV58 E6*1 2327510 - - - - - - -
E6/E7 - - - - - - - -
HPV68 E6*1 232415 - - - - 0 - -
E6/E7 - - - - - 0 - -

hybridization and vice-versa due to a low amount of DNA of specific
viral genotypes.

5. Conclusion

In conclusion, the present study indicated that, in invasive cervical
carcinomas infected by multiple HPV genotypes, a single HPV was
preferentially expressed. This supported the hypothesis that, in spite of
the presence of multiple genotypes, a single HPV genotype may be
associated with cancer development.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ygeno.2020.05.009.
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Integration analyses of multiple HPV genotypes in invasive cervical samples by identification of chimeric transcripts using RNA-seq.

Samples HPV type Chimeric transcripts
HPV breakpoint (ORF) Human breakpoint Locus (Gene) Coverage * PCR/sanger "
HPVco_1 16 880 (E1) 50,999,332 6pl2.3 76 +
HPVco_3 45 1210 (E1) 246,377,386° 1q44 (SMYD3) 17 =
HPVco_4 16 880 (EI) 153,418,067 1g21.3 (S100A7A) 1650 +
HPVco_5 18f 724 (E7) 89,951,604 4q22.1 (MMRN1) 2662 +4
1095 (E1) 89,946,311 4q22.1 (MMRN1) 1966 +4
HPVco_7 16 4214 (E5/L2)¢ 17,377,488 11p15.1 38 =
HPVco_8 16 1561 (E1) 42,726,986 22q13.2 250 +
45 929 (E1) 246,381,380 1q44 3 -
HPVco 9 16 1056 (E1) 14,952,133 20p12.1 (MACROD2) 17 +
2775: 2776 (E1) 14,952,115: 14,952,116 20p12.1 (MACRODZ2) 10 +
HPVco_11 39 940: 942 (E1) 52,641,201: 52,641,203 6pl2.2 78 +
HPVco_12 31 871: 872 (E1) 100,146,971: 100,146,972 3ql2.1 (CMSS1) 437 +4
HPVco_13 ND ND ND ND ND ND
HPVco_14 18 929 (E1) 44,129,352 1p34.1 (KLF17) 4270 +
HPVco_16 ND ND ND ND ND ND
HPVco_18 16' 1486: 1488 (E1) 20,631,287: 20,631,289 21¢21.1 247 +
880 (E1) 20,592,134 21q21.1 211 +
HPVco_19 16 3199: 3197 (E2) 17,509,493: 17,509,495 7p21.1 44 +

@ Chimeric transcript coverage was obtained from the number of reads covering the integration junction.

Validation of chimeric transcripts by RT-PCR and Sanger sequencing. Electropherograms shown at Additional File 6.

¢ The exact HPV-human integration border was not found due a 6 nucleotides gap between them.

Disruption at intergenic region between genes E5 and L2 from HPV16.
Two independents chimeric transcripts. ND — Not determined.
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