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Abstract
Background: Race may in�uence vulnerability to HPV and have an effect on cervical cancer survival
independent of socioeconomic status. Integration of the virus and host transcriptomes from different
populations provides an unprecedented opportunity to understand these racial disparities in the
prevalence of HPV and its associated cervical cancers in addition to fundamentally advancing the
knowledge of HPV-induced cervical carcinogenesis and progression.

Methods: We performed RNA-Seq analysis of 90 tumors and 39 adjacent normal tissues from cervical
cancer patients at Zhejiang University (ZJU) in China, and conducted a comparative analysis with RNA-
Seq data of 286 cervical cancers from TCGA.

Results: We found a signi�cantly higher rate of HPV positives and HPV integrations in TCGA than in ZJU.
In addition to LINC00393 and HSPB3 as new common integration hotspots in both populations, we found
new hotspots such as SH2D3C and CASC8 in TCGA, and SCGB1A1 and ABCA1 in ZJU. We described the
�rst, to our knowledge, virus-transcriptome-based classi�cation of cervical cancer that is highly predictive
of clinical outcome. Particularly, patients with expressed E5 performed better than those without E5
expression. However, the constituents of these virus-transcriptome-based tumor subtypes differ
dramatically between the two populations. We further characterized the immune in�ltration landscapes
between different HPV statuses and revealed signi�cantly elevated levels of regulatory T cells and M0
macrophages in HPV positive tumors, which were associated with poor prognosis.

Conclusions: These �ndings increase our understanding of the racial disparities in the prevalence of HPV
and its associated cervical cancers between Asian and Western populations, and also have important
implications in the classi�cation of tumor subtypes, prognosis, and anti-canc

Background
Cervical cancer is the second most common cancer affecting women worldwide and accounts for around
530,000 cases per year, with the prevalence varying between different races [1, 2, 3, 4]. Persistent infection
with high-risk human papilloma viruses (HPVs) causes most cases [3]. HPVs contain a 7.9-kb circular
double-stranded DNA genome that consists of four parts: an early region (E1, 2, 4–7 genes), a late region
(L1, 2 genes), a long control region (LCR), and a small, highly variable, non-coding region (NCR) between
E5 and L2. HPVs infect basal epithelial cells located in the cervical transformation zone and participate in
tumor development and cervical malignant transformation partly through expressed viral oncogenes, in
which E6 and E7 are most focused on for their roles in inactivating p53 and pRb [3].

However, systematic expression pro�les of viral genes and their association with molecular and clinical
features of cervical cancer are poorly understood. In some cases, HPVs integrate into the host genome
and trigger substantial host genome alterations [5]. The viral integration patterns have been well studied
and several integration hotspots have been identi�ed in several independent studies [5, 6], while it is
unknown whether the above features are consistent across patients from different races and ethnicities.
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There may be nonnegligible differences in genetic susceptibility to HPV infection among races and
ethnicities. Asian/Paci�c Islanders have the lowest HPV prevalence of 42.2% compared to blacks (66.2%),
and whites (71.5%) [2]. More black and Hispanic women get HPV-associated cervical cancer than women
of other races and ethnicities [4]. Race may in�uence vulnerability to HPV [7] and have an effect on
cervical cancer survival independent of socioeconomic status [1]. Therefore, comparative studies are
needed to understand these racial disparities in HPV prevalence and the rate of death from cervical
cancer.

Though effective HPV vaccines are available for primary prevention, there are still people who are already
infected with HPV or diagnosed with cervical cancer, who cannot bene�t from vaccines, and for whom
curative therapeutic approaches are needed. Patients with tumor recurrence or advanced stage are limited
to chemotherapy and radiation. Emerging combination immunotherapy is an attractive option for
patients with advance-stage cancer or metastatic disease. Characterizing tumor immune in�ltration and
its differences between HPV-positive and -negative cervical cancers will help in designing an effective
treatment of combination immunotherapy for these patients [8].

Further studies among Asian populations are required to understand racial disparities in HPV prevalence
and its associated cervical cancer. Here, we performed RNA sequencing (RNA-Seq) of 90 tumors and 39
adjacent normal tissues from patients with cervical cancer recruited at Zhejiang University (ZJU), China
(Table 1), and conducted a comparative analysis with RNA-Seq data of 286 cervical cancers from The
Cancer Genome Atlas (TCGA) project (Table S1). The primary aim of this study was to compare HPV
infection, integration and virus gene expression pro�les from patients with cervical cancer between ZJU
and TCGA populations. Our secondary aim was to characterize virus-induced host response and immune
in�ltration landscapes in the two populations. Integration of virus and host transcriptomes from the two
populations provides an unprecedented opportunity to understand these racial disparities in the
prevalence of HPV and its associated cervical cancer in addition to fundamentally advancing the
knowledge of HPV-induced cervical carcinogenesis and progression.
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Table 1
Demographic and clinicopathologic

characteristics of ZJU cervical cancer patients.
Variable Name No. of patients

Age

< 40 14

40–50 45

> 50 31

Stage

Stage I 57

Stage II 30

Stage III 3

Pathology

Squamous cell carcinoma 73

Adenocarcinoma 10

Adenosquamous 5

Others 2

Tumor Size

Small 43

Large 18

Unknown 29

Materials And Methods

Sample acquisition and processing
A total of 90 fresh cervical cancer tissues and 39 adjacent noncancerous cervix tissues were collected
from September 2014 to December 2016. All samples were obtained at the time of diagnosis before any
treatment was administered. Subjects in our RNA sequencing study included 73 squamous cell
carcinomas (SCCs), 10 adenocarcinomas, 5 adenosqumous carcinomas and 2 mixtures of the above
cancer types (Table 1). Fresh tissues were collected, snap-frozen in liquid nitrogen, and stored at -80 °C.
Clinical information (e.g., tumor stage, tumor size, and smoking status) was extracted from pathology
reports generated at the time of tissue collection. Review of hematoxylin and eosin (H&E) slides was
performed by a gynecologic pathologist to con�rm the diagnosis. Tumor cell content of sections from
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frozen cervical tissue samples embedded in optimal cutting temperature (OCT) medium was con�rmed to
be > 70% by H&E staining. As to tumor size, clinically visible lesion 4.0 cm or less in greatest dimension
by ultrasonography was de�ned as small, otherwise it was de�ned as large.

Library preparation for RNA sequencing
Total RNA was extracted from 10 to 20 mg of tissue with the RNeasy Mini Kit (Qiagen, Hilden, Germany).
The RNA integrity of each sample was assessed using agarose gel electrophoresis. The concentration of
total RNA was determined by NanoDrop 2000 (Thermo Fisher Scient�c, Wilmington, DE). The full
transcriptome sequencing libraries were prepared using the NEBNext Ultra RNA Directional Library Prep
Kit (NEB#420) according to the manufacturer’s instructions. The 150 bp paired-end sequencing was
performed on a HiSeq 3000 sequencer (Illumina, San Diego, CA).

RNA-Seq analysis
Before the analysis, adapter sequences were �rst removed from the output RNA-Seq sequence reads
using cutadapt (http://code.google.com/p/cutadapt/). Reads with low base quality (< 13) were further
trimmed and, if less than 25 base pairs, removed by FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The trimmed sequence reads were then
aligned to the manually curated reference genome and gene annotation database using TopHat2
(v2.0.13) with mammalian default parameters [9]. The reference genome was combined from human
reference (hg19) and reference sequences of 143 types of HPVs downloaded from a web resource of
Papillomavirus Episteme (PaVE, http://pave.niaid.nih.gov). The gene annotation database was combined
from Ensembl genes v75 and gene annotation in PaVE. Transcript construction, quanti�cation and
normalization of transcript abundance were performed using Cu�inks (v2.2.1) [10]. Transcript or gene
expression levels were presented in fragments per kilobase of transcript per million fragments mapped
(FPKM).

RNA-Seq data of 286 cervical cancers from TCGA (Table S1) were downloaded from the GDC Data Portal
(https://portal.gdc.cancer.gov/). The same analyses as those for ZJU were performed on RNA-Seq data in
TCGA.

HPV typing and detection of integration
The threshold of HPV expression for de�ning HPV positives and negatives was generated from the
density plot of HPV expression in each dataset separately. Both density plots had two peaks, one big and
one small, with the shared threshold being taken in the middle of the two peaks (Figure S1). For HPV
positive samples, their HPV genotypes were determined according to the type of expressed HPV. For those
samples infected with multiple HPV types, the genotype with the highest expression was taken.

A search for HPV integration events was performed using the ChimeraScan (v0.4.5) [11], deFuse (v0.6.2)
[12], and SOAPfuse (v1.28) [13] programs. The trimmed sequence reads were then aligned to the
reference genome and gene annotation database using the above gene fusion discover tools [11, 12, 13].
All HPV integration events in tumors that were detected in any normal samples were �ltered out. We
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further �ltered HPV integration sites with less than 2 reads spanning the breakpoint between human and
virus genomes (chimeric reads). Then, the predicted integration events from the three programs were
integrated and combined with genomic annotation to generate a list of candidates for experimental
validations.

Since there may be deviation of positions of detected breakpoints in HPV integration, the breakpoints in
the ± 5 bp of splice sites were considered as the splice donor or acceptor. Virus-host transcripts whose
breakpoint pair consisted of a splice donor and a splice acceptor were considered as spliced. The identity
of virus and human sequences around integration sites were calculated from the sequence provided by
deFuse [12], and sequences considered to have been spliced as mentioned above were �ltered.

Unsupervised hierarchical cluster of tumors based on HPV
gene expression
The FPKM values of HPV genes were transformed by log2(FPKM + 1). Then unsupervised hierarchical
clustering was performed using a Euclidean distance metric and ward.D2 clustering without reorder of
row dendrograms. The Kruskal–Wallis test was used to identify differentially expressed genes among
�ve subgroups in the two datasets separately. Gene ontology (GO) enrichment analysis based on Fisher’s
Exact test was performed on genes of subclass A and B separately in the two datasets. GO terms was
�ltered using fold enrichment > 2 as well as Benjamini–Hochberg corrected p value < 0.05 [14, 15].

Host gene expression analysis
The ranks of expression levels of genes at or near the HPV integration sites in tumors were generated by
comparing their expression levels with those of the same genes across the remaining tumors. Then these
ranks were normalized as 0 to 1 by dividing total tumor sample size, in which 1 represented the highest
and 0 represented the lowest expression level among samples. Genes near the integration sites were
those genes that were overlapped with the 500 kb upstream or downstream of the integration sites. The
chromosomal locations of 89 common fragile sites were used[16]. The genomic coordinates of
regulatory regions were obtained from Reg2Map
(https://personal.broadinstitute.org/meuleman/reg2map/HoneyBadger2-intersect_release/).

Inference of immune cell ratios
RNA-Seq data in TCGA and ZJU, and two microarray data sets (GSE6791 and GSE63514) were used for
inferring tumor immune cell in�ltrations. The raw CEL �les were downloaded from the Gene Expression
Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/) and were processed by the MAS5 algorithm. RNA-
Seq and microarray data were quantile normalized in each dataset separately before the analysis. A
linear support vector regression based method, CIBERSORT (v1.03) [17], was applied to estimate relative
ratios of 22 leukocytes for each sample. Samples with empirical p value greater than 0.05 were excluded
for further analysis. A permutation test was then applied to evaluate differential distribution of these
inferred immune cell subtypes between groups using the R package “permute” (https://www.r-
project.org).
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Survival analyses
Survival associated immune cells or transcripts were assessed by univariate Cox proportional hazards
model. Survival distributions in different HPV subsets were visualized by Kaplan–Meier curves, and the
signi�cance was assessed by a log-rank test. The events of overall survival were de�ned as death, while
the recurrence-free interval was ended by any disease recurrence, but death was not included. Survival
analyses were performed using the R package “survival”.

PCR veri�cation experiment of HPV integration
cDNA synthesis was performed with 1 ug of total RNA with a reverse transcription kit (Takara, Tokyo,
Japan). PCR and Sanger sequencing were used to verify the HPV integration. PCR primers were designed
on the basis of the paired-end assembled fragments, in which one primer was located in the human
genome and the other in the HPV genome. PCR was performed using a ProFlex™ PCR thermal cycler (Life
technology, Carlsbad, CA). PCR products were puri�ed and sequenced using the Sanger sequencing
method (Table S2).

Results

Characterization of HPV integration in cervical cancer
The HPV positive rates signi�cantly differed between the two populations with 90.0% (81 of 90) in the
ZJU group and 94.1% (269 of 286) in the TCGA group (Table S1 and Figure S2a, binomial test; p = 4.7e-2).
Overall, the proportion of HPV subtypes also differed between the ZJU and TCGA samples, such as the
rate of HPV subtypes 16 and 58 which were much higher in the ZJU while the HPV18 samples accounted
for more in the TCGA (Figure S2b). These results imply that the HPV-based tumor types vary in the two
populations.

HPV integration events were observed in 57 of 81 (70%) and 239 of 269 (88%) HPV-positive tumor tissues
in ZJU and TCGA, respectively (Fig. 1a). The binomial test proved that the integration rate was
signi�cantly different between the two populations (p = 1.3e-5). This difference is not negligible as longer
reads and larger amounts of sequence data were used in the ZJU group, which favor detection of HPV
integration (Figure S2c). The overall different rate of un-cleared HPV infection and HPV integration in the
two populations may be due to the local virus sublineage diversity by geographical disparities through
evolution or different genetic susceptibility among different races or ethnicities. In both populations, HPV
integration occurred in all viral genes and affected all human chromosomes. In addition, MIPOL1,
PTPN13, VMP1 and TP63 which have been previously reported were identi�ed in both the ZJU and TCGA
samples [5, 18], and we also found LINC00393 and HSPB3 as new common integration hotspots in both
populations. Several integration breakpoints such as PVT1, RAD51B, MYC and ERBB2 that were
previously reported in TCGA samples were also identi�ed in our analysis. Furthermore, we found new
hotspot sites such as SH2D3C and CASC8 in the TCGA samples, and SCGB1A1 and ABCA1 in the ZJU
samples. Validation experiments proved the reliability of these HPV integration events (Table S2). In
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contrast to a previous study that revealed that common fragile sites (CFS) are preferential targets for HPV
integration [19], we did not observe such a preference for HPV integration in CFS (Figure S3).

Genomic loci affected by HPV integration were signi�cantly associated with higher gene expression
(Mann–Whitney two-sided test; p = 1.1e-4 in ZJU and p = 2.3e-21 in TCGA), which is in good agreement
with a previous study [5]. To explore how HPV integration affects the expression of genes around
integration sites, we divided the integration sites into �ve categories according to the relative expression
levels of integrated genes and investigated the expression of adjacent genes in each category. Density
plots highlighted that the higher the expression of an integrated gene, the higher the expression of
adjacent genes (Fig. 1b). This phenomenon was not likely ascribed to the direct effect of integration on
transcription factor binding sites or the overall expression levels of samples with HPV integration (Figure
S4a). A similar trend was observed in TCGA samples (Figure S4b). These �ndings revealed several novel
characteristics of host genome alteration resulting from HPV integration.

Microhomologous sequences between human and HPV at
integration sites
Then we evaluated the identity of human and virus sequences of ± 15 bp around all of integration sites
identi�ed in ZJU and TCGA samples (Fig. 2, and Figure S5.). We �rst randomly selected the human
sequence and virus sequence to draw scatter plots for the number of identical nucleotides and the
maximum number of consecutive identical nucleotides. As for the results from the human and virus
sequences around the integration sites, the points drifted more to the right top of the coordinate system
than any two randomly selected human and virus sequences. This supported the idea that HPV may
integrate into the host genome through a microhomology-mediated DNA repair pathway during host DNA
damage response [6].

The relevance of HPV gene expression to cervical cancer
patient outcome
Unsupervised hierarchical clustering of HPV genes detected �ve distinct clusters consistently in the ZJU
and TCGA tumor samples: group 0 with an overall low expression level consistent with de�ned HPV
negative; group 1 expressing mainly E6 and E7; group 2 additionally expressing E6SI compared with
group 1; group 3 with higher expression of E1 and E5, partly with expressed E4; and group 4 expressing
mainly E5 and E6 but not E4 (Fig. 3a and 3b, and Table S1). E6SI is a spliced transcript encoding active
E6 oncoprotein. As to histological types, group 0 contained a mixture of adenocarcinoma,
adenosquamous and squamous cell carcinoma samples, whereas squamous cell carcinoma accounted
for the majority of samples in the other groups. Except for the above features, we did not �nd any
signi�cant difference in stage, tumor size, and smoking status among these �ve groups.

Then we investigated whether there were any molecular features and clinical outcomes associated with
these groups. Consistently in these two populations, we found enrichment of HPV18 samples in group 2
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(hypergeometric test, p = 1.1e-2 in ZJU and p = 1.9e-16 in TCGA) and HPV58 samples in group 3
(hypergeometric test, p = 3.4e-6 in ZJU and p = 1.5e-2 in TCGA). HPV58 is relatively prevalent in China and
other Asian countries. Notably, our data showed that E6 and E6SI were not detectable in most HPV58
samples, whereas E1, E4, E5 and E7 were expressed in the HPV58 samples. Meanwhile, HPV18 subtypes
were correlated with high expression levels of E6SI (t-test, p = 1.6e-2 in ZJU and p = 1.7e-6 in TCGA) as
previously reported [18]. These characteristics suggested that the expression of HPV genes not only
varies within an HPV subtype such as HPV16, but also depends in part on a speci�c tumor subtype,
giving us new insights into the potential role of HPV infection via its gene expression pattern beyond HPV
subtypes. Furthermore, HPV integration frequency was low in groups 3 and 4 compared with nearly 100%
in groups 1 and 2, implying that lack of E5 expression is perhaps propitious to HPV integration.

The E2/E6 ratio using quantitative PCR is often used to detect HPV integrations. The rationale behind the
detection is that HPV integration can lead to the disruption of the viral E2 gene, whereas E6 and E7 are
retained [20]. However, our data showed it is not always true that samples with HPV integration lack E2
expression. E2 expression was observed in some samples with HPV integration in our analyses. On the
other hand, E6 expression was disrupted in some cases. Therefore, the E2/E6 ratio may not be effective
for the detection of HPV integrations.

Kaplan–Meier curves revealed that the overall survival rate and recurrence-free internal survival rate were
signi�cantly different among the above �ve HPV-based groups (Fig. 3c; p = p = 9.14e-3 and 1.52e-3,
respectively) in the TCGA samples. Group 4 exhibited the most favorable outcome, yet poorer prognosis
could not be distinguished among the other groups in terms of overall survival. The �ve groups showed
distinct outcomes in disease recurrence, with group 4 performing the best and group 2 displaying the
worst outcome. Overall, the groups with expressed E5 performed better than the groups without E5
expression. These results highlighted the relevance of E5 to cancer recurrence, which not only offered a
powerful prognosis biomarker, but also revealed the potential role of E5 in the development of cervical
cancer. A speci�c HPV gene expression pattern is a better prognostic predictor than a single HPV gene; E5
seems to have a better prognostic value than well-focused E6 and E7.

Although there were similar HPV-gene based tumor subgroups and their associated host gene expression
pro�les in the two populations, the constituents of subgroups varied substantially. The proportions of
group 2 in the two populations were nearly identical, while group 4 with the best survival outcome
accounted for the most part of cases (35.5%) in ZJU, compared to 15.0% in TCGA, and group 1 with the
worse outcome accounted for the most part of the cases (34.6%) in TCGA, compared to 20.0% in ZJU
(Figure S2d).

To assess whether the above HPV subgroups are recapitulated at the gene level on the host genome, we
detected genes associated with the HPV subgroups by Kruskal–Wallis test. Among 6,095 and 10,360
genes associated with HPV subgroups in ZJU and TCGA, respectively, there were 3,569 overlapped genes
between the two populations. Both populations showed the most distinct clusters between group 0 and
other groups, indicating there was a mostly different gene expression pattern between HPV negative and



Page 11/24

positive samples (Fig. 3a and 3b). Further comparison of enriched GO terms revealed the functional
similarity of genes in subclass A between the two populations, as well as genes in subclass B between
the two populations (Fig. 3d). Overall, genes in subclass B were mainly related to cell cycle and DNA
repair. In total, these results represented the robust host response to viral gene expression within speci�c
HPV subgroups.

RNA splicing affects HPV gene expression
We also explored potential factors affecting HPV gene expression. We �rst examined the relationship
between integration and HPV gene expression among HPV positive samples. E7 was signi�cantly up-
regulated and E5 was signi�cantly down-regulated in tumor samples with integration (Fig. 4a and Figure
S6a). In most integration events, the virus gene is expressed as a virus-host fusion transcript and some of
them undergo RNA splicing. Such a virus-host transcript can be spliced from a splice donor in the viral
genome to a splice acceptor in the host DNA [21]. In our HPV16 positive tumors, nucleotides (nt) 226 and
880 were the most common splice donors during the splicing of virus-host transcripts (Fig. 4b and Figure
S6b). Although both breakpoints of nt 226 and 880 were detected among the samples of the four groups
(68% and 74.5% in ZJU, 52.2% and 59.4% in TCGA), these integration events were more apt to occur in
group 1 and group 2 (hypergeometric test, p = 5.3e-4 and 2.4e-6 in ZJU, p = 7.5e-7 and 1.5e-7 in TCGA).
Interestingly, we also found the complementary situation that the transcript was spliced from a splice
donor in the host DNA to a splice acceptor in the virus genome, though its incidence was less common, of
which nt 3,358 was the most common splice acceptor during splicing in both populations (17.0% in ZJU
and 25.7% in TCGA). Notably, breakpoints of nt 3,358 were signi�cantly enriched in group 3 and group 4
(hypergeometric test, p = 0 in ZJU and 1.2e-11 in TCGA). These results suggest that both breakpoints on
the virus genome during integration and subsequent splice events of virus-host transcripts have an
important impact on HPV gene expression. HPV integration not only causes dysregulation of host genes,
but also shapes distinct HPV gene expression patterns in�uencing patient survival outcome.

Landscapes of tumor-in�ltrating immune cells in cervical
cancer
We investigated the immune cell in�ltrative levels from RNA sequencing data in the ZJU and TCGA tumor
samples and two additional microarray datasets of cervical cancer including GSE6791 [22] and
GSE63514 [23]. We �rst compared compositional differences in immune cell populations between tumors
and adjacent normal tissues in ZJU and the other two microarray datasets. Generally, tumor tissues
detected a higher fraction of T lymphocytes and yet a lower fraction of B lymphocytes and mast cells
than their adjacent normal tissues. For the same dendritic cells, the activated form has a higher fraction
in tumor tissues than adjacent normal tissues, whereas the resting form is just the opposite. Immune
cells that have higher fractions in tumors than in their adjacent tissues are more likely associated with
poorer outcomes (Fig. 5). CD8 T cells and neutrophils were the most favorable and adverse prognostic
populations, respectively, which are consistent with previous reports in anal squamous cell carcinoma
and gastric cancer [24, 25].
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Except for the signi�cantly higher proportion of plasma cells in ZJU tumors, there was no other
signi�cant disparity in the immune cell compositions between ZJU and TCGA tumors (Fig. 6a). This
suggests that overall levels of immune in�ltration are consistent and reproducible across tumors of the
two populations. To determine whether immune cell in�ltrative levels are associated with HPV infection or
integration, we compared immune cell compositions in HPV negative samples, and HPV positive samples
with integration and without integration (Fig. 6b). There were more kinds of immune cells showing higher
fractions in HPV positive samples compared with HPV negative samples, indicating stronger immune
in�ltration in tumors with un-cleared HPV infection. For instance, dendritic cells and regulatory T cells
were signi�cantly and consistently elevated in HPV positive samples compared with HPV negative
samples in both populations. Except for the naïve B cell in TCGA, there was no signi�cant compositional
differences in immune cells between HPV positive samples with and without integration, especially in
ZJU. These results suggest that HPV integration has little impact on immune in�ltration in tumor
microenvironments.

Discussion
Race may in�uence vulnerability to HPV and have an effect on cervical cancer survival independent of
socioeconomic status [7]. Integration analysis of virus and host transcriptome from different populations
provides deeper insights into these racial disparities in the prevalence of HPV and its associated cervical
cancer. Our analyses found that the rate of HPV positives and HPV integration was signi�cantly higher in
TCGA than in ZJU samples. Besides several common integration hotspots, each population has its own
unique virus integration sites. Molecular classi�cation of tumor samples using HPV gene expression
pro�les revealed distinct cancer subtypes that have signi�cant clinical relevance to patients’ outcome;
whereas the relative proportions of tumor subtypes were dramatically disparate between the two
populations. These results demonstrated that not only the prevalence of HPV, but also the constituents of
the cervical cancer patients differ among races and ethnicities.

Our integration analysis also revealed several novel characteristics of the host genome affected by HPV
integration. HPVs integrate into the host genome and trigger substantial host genome alterations, leading
to increased expression in target genes around the virus integration sites [5, 18]. We observed an
increased expression of genes around the virus integration sites compared with the overall expression
levels of genes without integration nearby. Furthermore, there is a strong corresponding relationship
between the expression of target genes and adjacent ones. The higher the expression of target genes on
integration sites, the higher the expression of adjacent genes. Since the range of affected genes
expanded much beyond the integration sites, this correspondence is not ascribed to the direct effect of
integration on transcription factor binding sites in the host genome. Our observation supports an
increased expression of genes in the host genome that is likely driven by integrated viral promoters [5].

In addition to virus integration causing dysregulation of the host gene, it also shapes HPV gene
expression patterns in�uencing the clinical outcome of patients. In most integration events, virus genes
are expressed as virus-host fusion transcripts and some of them undergo RNA splicing. Virus-host fusion
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transcripts are often more stable than their viral counterparts and thus lead to increased expression of
HPV genes [21, 26]. Our analysis revealed that both breakpoints on the virus genome during integration
and subsequent splice events of virus-host transcripts have an important impact on HPV gene
expression. In HPV16 positive tumors, nt 226 and 880 were the most common splice donor sites during
the splicing of virus-host transcripts. We also identi�ed a novel, complementary mode of splicing in tumor
samples expressing E5, in which the transcript is spliced from a splice donor in the host DNA to a splice
acceptor in the virus genome. In the complementary mode, nt 3,358 was the most common splice
acceptor (Fig. 4b and Figure S6b). Future studies are required to understand the complex regulatory
mechanisms underlying HPV RNA splicing. Understanding the regulation of HPV RNA splicing might
provide valuable indications of its potential implications in the long-term persistence of HPV and its
involvement in the development of cervical cancer.

For the �rst time, our analysis demonstrated that molecular classi�cation using an HPV gene expression
pro�le is highly predictive of clinical outcome for patients with cervical cancer. A virus genome-wide
expression pattern is a better prognostic predictor than a single HPV gene. In particular, E5 has a better
prognostic value than well-described E6 and E7; patients with expressed E5 performed better than those
without E5 expression. While the oncogenic activities of E6 and E7 are well characterized, the role of E5 is
still rather nebulous. The E5 gene is frequently deleted when the HPV genome is integrated during
malignant progression [27]. Lack of E5 expression is perhaps propitious for HPV integration. Future
studies are required to investigate if there is a negative feedback control of oncogene expression such as
E6 and E7 by depleting E5 expression.

The immune in�ltration landscape from the RNA-seq data revealed that the overall levels of tumor
immune cell populations were largely consistent between ZJU and TCGA. Comparison of immune
in�ltrative levels between samples of different HPV statuses revealed the signi�cantly elevated levels of
dendritic cells and regulatory T cells in HPV positive tumors compared with HPV negative tumors, as well
as signi�cantly higher ratios of activated dendritic cells, monocytes and macrophages in tumors
compared to normal samples. However, HPV integration has little impact on immune in�ltration in tumor
microenvironments.

It is well known that dendritic cells normally present in cervical tissues. In an in�ammatory milieu,
dendritic cells can be activated and subsequently up-regulate a series of molecules like major
histocompatibility complex class I and II to facilitate the priming of naïve CD4 + and CD8 + T cells in
lymph nodes [28]. Thus, the dendritic cells can be potent as therapeutic vaccines, which aim to activate
the antigen-speci�c immune response and eradicate HPV-infected cells by simulating cytotoxic T cells
[29]. Several clinical trials based on E7-pulsed dendritic cells have been carried out and received
encouraging outcomes [29]. The increased levels of dendritic cells were found in tumors, especially in
HPV positive tumors, hence the strategy to promote the migration and maturation of dendritic cells are of
great potential for most cervical cancer patients [8].
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Regulatory T cells (Tregs) play an important role in the maintenance of immunological self-tolerance to
self-antigens and prevention of immune pathologies, which are related to the suppression of effective
tumor immunity. A large number of tumor-in�ltrating Tregs is substantiated in various cancers and is
associated with poor clinical prognosis [30]. We observed higher levels of Tregs in�ltration in HPV
positive tumors than that in HPV negative tumors. Patients with higher Tregs in�ltration level tend to have
worse prognosis. A similar result has been illustrated in head and neck squamous cell carcinomas [31].
These �ndings suggested HPV positive tumors may bene�t more from the immunotherapy targeting
Tregs.

Overall elevated levels of monocytes and macrophages were found in cervical cancers compared to
normal samples, in which the fractions of M0 and M1 macrophages were signi�cantly increased.
Accumulating evidence has suggested that the heterogeneous phenotypes of tumor-associated
macrophages (TAM) are informative for patient prognosis. The M1 macrophages are considered involved
in in�ammatory response and antitumor immunity. In contrast, M2 macrophages exert anti-in�ammatory
and pro-tumorigenic activities[32]. Consistent with previous studies on other cancers [33], the correlation
between increasing levels of M1 macrophages and superior survival was observed in cervical cancer,
whereas M0 macrophages were found to be associated with poorer survival. The M0 and M2
macrophages increase cancer invasion abilities in human-original and mouse-original lung cancer
models [34]. Future studies are required for further investigation of M0 macrophages as a promising
immunotherapeutic target.

Conclusion
In summary, we performed integrated analysis of virus and host transcriptomes to characterize HPV
infection, integration, RNA splicing, virus genes expression pro�les, virus-induced host response, and
tumor immune in�ltration landscapes from patients with cervical cancer in the two populations. Our
analysis found that the rate of HPV positives and HPV integration was signi�cantly higher in patients
from Western populations than an Asian population. We revealed the signi�cant correspondence of
increased expression levels between an integrated gene and its adjacent genes. We described the �rst, to
our knowledge, virus transcriptome-based classi�cation of cervical cancer that is highly predictive of
clinical outcome. In particular, patients with expressed E5 performed better than those without E5
expression. Tregs and M0 macrophages are signi�cantly elevated in HPV positive tumor samples and are
associated with poor prognosis. Integration of virus and host transcriptomes from the two populations
provides an unprecedented opportunity to understand these racial disparities in the prevalence of HPV
and its associated cervical cancer in addition to fundamentally advancing the knowledge of HPV-induced
cervical carcinogenesis and progression.
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Figures

Figure 1

Characterization of HPV integration in cervical cancer. (a) Comparison of the distribution and frequency
of HPV integration in 81 HPV positive samples in ZJU and 269 HPV positive samples in TCGA. From
inner to outer, lines within the inner circle indicate integration breakpoints from the HPV genome (L1, L2,
E1, E2, E4, E5, E6 and E7 genes) to the human genome, the color of the lines represent HPV types. Bars
represents regions of common fragile sites (blue) and non-common fragile sites (black). The second-
outer and most-outer bar plots represent the frequency of HPV integration (bar) and the rank of target
gene expression (circle) in ZJU and TCGA, respectively. The ranks are normalized as 0 (lowest expression
among samples) to 1 (highest expression among samples). Each histogram axis unit represents 3
samples for bars and 0.2 for circles. (b) Relationships between HPV integration and expression of
adjacent genes in ZJU tumor samples. Horizontal and vertical histograms represent the distribution of
relative expression levels of target genes and adjacent genes among the samples, respectively.
Breakpoints were divided into �ve categories according to the relative expression levels of integrated
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genes among the samples. Vertical density plots represent the relative expression level of adjacent genes
among the samples when their corresponding breakpoints are located within a speci�c category. Ranks
of target or adjacent genes are normalized as 0 (lowest expression among samples) to 1 (highest
expression among samples).

Figure 2

Identity of human sequence and virus sequence around integration sites in ZJU samples. (a) The identity
between randomly selected 30bp human sequence and virus sequence. (b) The identity of human
sequence and virus sequence of ±15bp around integration sites. Scatter plots were drawn for the number
of identical nucleotides (x-axis) and the maximum number of consecutive identical nucleotides (y-axis).
Point size represents the frequency of that identity event.
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Figure 3

Hierarchical cluster analysis of cervical cancers using HPV gene expression pro�les. (a) Cluster analysis
identi�ed �ve subgroups in 90 ZJU tumor samples. The heat map (under the dendrogram) showed the
expression pro�le of subgroup-correlated genes. (b) Cluster analysis identi�ed �ve subgroups in 286
TCGA tumors. (c) Kaplan–Meier curves of overall survival and recurrence-free interval survival across
subgroups in TCGA. (d) Comparison of enriched GO terms by genes of subclass A and B in ZJU and
TCGA separately. Features presented in the dendrogram included HPV type, HPV integration status,
histological type, stage, tumor size and smoking status. Correlation between subgroups and categorical
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variables was detected by Chi-squared test, and correlation between subgroups and continuous variables
was detected by Kruskal–Wallis test.

Figure 4

Impact of viral integration on HPV gene expression in ZJU. (a) Comparison of HPV gene expression
between HPV positive tumors with and without integration in ZJU. (b) Display of detected viral
breakpoints on the HPV16 genome among HPV16 positive tumors in ZJU. Groups 1 to 4 were de�ned in
Figure 3.
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Figure 5

Immune cell in�ltration levels in cervical cancer tissues and their associations with clinical outcome.
Prognostic associations for immune cells in cervical cancers of TCGA dataset were ranked by Z-score. All
asterisks represent signi�cant differences in immune cell in�ltration levels between tumor and normal
tissues by permutation tests (p value < 0.05).

Figure 6
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Immune cell in�ltration landscapes of cervical cancers in TCGA and ZJU tumors, respectively. (a)
Comparison of mean fraction of immune cells between TCGA and ZJU tumors. (b) Box plots of relative
fractions of immune cells in HPV-positive samples with integration, HPV-positive samples without
integration and HPV-negative samples in each dataset. All asterisks represent signi�cant differences in
immune cell in�ltration levels between the two groups by permutation test (p value < 0.05).
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