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Abstract

The association between human papillomavirus (HPV) integration and relevant genomic changes in uterine cervical
adenocarcinoma is poorly understood. This study is to depict the genomic mutational landscape in a cohort of 20 patients.
HPV+ and HPV— groups were defined as patients with and without HPV integration in the host genome. The genetic
changes between these two groups were described and compared by whole-genome sequencing (WGS) and whole-exome
sequencing (WES). WGS identified 2916 copy number variations and 743 structural variations. WES identified
6113 somatic mutations, with a mutational burden of 2.4 mutations/Mb. Six genes were predicted as driver genes: PIK3CA,
KRAS, TRAPPC12, NDN, GOLGA6L4 and BAIAP3. PIK3CA, NDN, GOLGAG6L4, and BAIAP3 were recognized as
significantly mutated genes (SMGs). HPV was detected in 95% (19/20) of patients with cervical adenocarcinoma, 7 of whom
(36.8%) had HPV integration (HPV+ group). In total, 1036 genes with somatic mutations were confirmed in the HPV+
group, while 289 genes with somatic mutations were confirmed in the group without HPV integration (HPV — group); only
2.1% were shared between the two groups. In the HPV+ group, GOLGA6L4 and BAIAP3 were confirmed as SMGs, while
PIK3CA, NDN, KRAS, FUTI1, and GOLGA6L64 were identified in the HPV— group. ZDHHC3, PKDIPI, and
TGIF2 showed copy number amplifications after HPV integration. In addition, the HPV+ group had significantly more
neoantigens. HPV integration rather than HPV infection results in different genomic changes in cervical adenocarcinoma.

Introdution

Cervical adenocarcinoma accounts for nearly 15-25% of all
cervical cancers worldwide [1]. In contrast to cervical
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squamous carcinoma, the incidence of cervical adeno-
carcinoma shows an obvious increase, especially in young
women [2, 3]. Patients with cervical adenocarcinoma often
present with a series of characteristic clinical features, such
as high positive lymph node, distant metastasis, and high
recurrence rates, corresponding to a poor prognosis [1, 4].
There is a much lower prevalence of human papillomavirus
(HPV) infection in adenocarcinomas than in squamous type
adenocarcinoma (100%) [5-9], as the cervical glandular
epithelium does not support HPV proliferation to the extent
that the squamous epithelium does [6]. HPV-negative
endocervical adenocarcinomas of the usual type are found
and vary in frequency from 4.8 to 40.0% across China
[8, 10]. The early diagnosis of HPV-negative cervical
adenocarcinomas still continues to pose a challenge [11].
HPV infection is responsible for almost all cases of cervical
squamous cancers [2, 12] and most cervical adenocarcinomas
[13]. The International Endocervical Adenocarcinoma Criteria
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and Classification (IECC) distinguish between HPV-
associated adenocarcinoma (HPVA) and no or limited
HPVA features (NHPVA) [14]. These criteria have been
shown to be prognostically valuable in retrospective studies.
Compared with HPVAs, NHPVAs are more likely to have a
more advanced stage and are associated with more aggressive
clinical behavior, with higher recurrence rates and worse
overall survival [15]. All NHPVA endocervical adenocarci-
nomas belong to the most invasive Silva pattern [16]. How-
ever, these criteria are based on HPV infection rather than
HPYV integration. In the study of Baalbergen et al. [17], with
the exception of HPV-45, HPV positivity, or type in endo-
cervical adenocarcinoma had no significant influence on sur-
vival. A classification based on the destructiveness of stromal
invasion found an association between the invasion degree and
genomic alterations in endocervical adenocarcinomas [18].
Data from vulvar and non-gynecological squamous carcino-
mas suggest that a classification based on molecular patho-
genesis is clinically informative and reproducible [19, 20].
These findings suggest that HPV integration may play an
important role in genotype and phenotype alterations.

It has been reported that at least 83% [21, 22] of cervical
cancers with HPV infection have HPV integration, which
can occur at any chromosome but more frequently occurs at
certain fragile sites [23]. Structural alterations of the host
genome are frequently observed at the integration site of
HPV DNA in cervical cancer and may act in oncogenesis
[24]. However, most of the work on the genomic alterations
in cervical cancer caused by HPV integration has been
performed in the squamous or mixed types rather than
adenocarcinoma.

In this study, we aimed to explore the role of HPV inte-
gration in the genomic changes of endocervical adenocarci-
nomas or adenocarcinomas of the usual type, the most
common subtype of adenocarcinomas, by whole-genome
(WGS) and whole-exome sequencing (WES). These genomic
changes included copy number variations (CNVs), structural
variations (SVs), somatic mutations, and neoantigens.

Methods
Study subjects

This is a preliminary analysis of the study “A multi-omics
study on the human papillomavirus integration and tumor-
igenesis of uterine cervical adenocarcinoma (HITA)”
(registration no. NCT03742869, clinicaltrials.gov). Primary
tumor tissues and matched adjacent normal tissues from 20
patients confirmed with endocervical adenocarcinoma were
obtained from the study center from September 1, 2017 to
September 1, 2018. No patient received radiation or che-
motherapy prior to sample collection, and they or their
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deputies provided informed consent to participate in the
study. Data on clinical characteristics were collected from
medical records. This study was approved by the Institu-
tional Review Board (IRB) of the study center (registration
no. JS-1696).

Six pairs of samples were snap-frozen, and fourteen pairs
were formalin fixed and paraffin embedded so that they
could be macrodissected to reach a tumor cell purity of up
to 75% or more if needed. Genomic DNA (gDNA) from the
matched tumor tissues and corresponding normal tissues
was extracted. The DNA samples underwent further DNA
quantification and qualification, genomic library prepara-
tion, clustering and sequencing, and bioinformatics analysis
with Novogene (Tianjin, China).

Next-generation sequencing

gDNA was extracted from paired fresh-frozen specimens or
formalin-fixed paraffin-embedded sections using a Qiagen
DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany).
The quality of the isolated gDNA was verified by using
agarose gel electrophoresis and a Qubit® DNA Assay Kit on
a Qubit® 2.0 Fluorometer (Invitrogen, USA) to monitor
DNA degradation, contamination, and concentration.

A total amount of 0.5 pg DNA per sample was used as
input material for the DNA library preparations for WGS. A
sequencing library was generated using a TruSeq Nano
DNA HT Sample Prep Kit (Illumina, USA) following the
manufacturer’s recommendations, and index codes were
added to each sample. Briefly, the gDNA sample was
fragmented by sonication to a size of 350 bp. Then, DNA
fragments were end polished, A-tailed, and ligated with the
full-length adapter for Illumina sequencing, followed by
further PCR amplification. After PCR products were pur-
ified (AMPure XP system), libraries were analysed for size
distribution on an Agilent 2100 Bioanalyzer (Agilent, USA)
and quantified by real-time PCR (3 nM).

A total amount of 0.6 ug genomic DNA per sample was
used as input material for WES. Sequencing libraries were
generated using the Agilent SureSelect Human All Exon V6
Kit (Agilent Technologies, CA, USA) following the man-
ufacturer’s recommendations, and index codes were added
to each sample. Briefly, fragmentation was carried out with
a hydrodynamic shearing system (Covaris, Massachusetts,
USA) to generate 180-280 bp fragments. The remaining
overhangs were converted into blunt ends via exonuclease/
polymerase activities. After adenylation of the 3’ ends of
DNA fragments, adapter oligonucleotides were ligated.
DNA fragments with ligated adapter molecules on both
ends were selectively enriched in a PCR. After PCR ana-
lysis, libraries were hybridized with the liquid phase of a
biotin-labeled probe. Then, magnetic beads with strepto-
mycin were used to capture the exons. Captured libraries
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were enriched in a PCR to add index tags to prepare for
sequencing. Products were purified using the AMPure XP
system (Beckman Coulter, Beverly, USA) and quantified
using the Agilent High Sensitivity DNA Assay on the
Agilent Bioanalyzer 2100 system.

Clustering of the index-coded samples for WGS and
WES was performed on a cBot Cluster Generation System
using the HiSeq PE Cluster Kit V2.5 (Illumina) according to
the manufacturer’s instructions. After cluster generation, the
DNA libraries were sequenced on the Illumina HiSeq
platform, and 150 bp paired-end reads were generated.

Sequencing data analysis and mutation calling

Samtools and bcftools were used to perform variant calling
and identify single nucleotide polymorphisms (SNPs) and
InDels [25]. Control-FREEC was utilized to perform CNV
detection, while Crest was utilized for SV discovery [26, 27].
ANNOVAR was used to annotate the variant call format
(VCF) obtained in a previous study [28]. dbSNP, 1000
Genomes and other related databases were applied to
characterize the detected variants. Given the significance of
exonic variants, gene transcript annotation databases
(Consensus CDS, RefSeq, Ensembl and UCSC) were also
used to determine amino acid alterations. Somatic SNVs
were detected by MuTect [29], somatic InDels were
detected by Strelka [30], and somatic SVs were detected by
Crest. Control-FREEC was used to detect somatic CNVs.

Driver genes and SMGs

Driver genes were identified by comparing the somatic
mutations to known driver genes published in open data-
bases. In addition, considering that functional mutations in
driver genes often cluster together while synonymous
mutations often distribute randomly in the genomic region,
a mutational model was built to cooperate with Onco-
driveClust, OncodriveFM, and MuSiC software to predict
potential driver genes in our study [31]. This model was
used for the comprehensive analysis, as it takes SMGs,
cluster bias, and functional impact into account when con-
sidering the driver functions of mutated genes.

SMGs that had obviously higher mutation rates than the
background mutation rate were obtained by comprehensively
analysing somatic SNVs and InDels. MuSiC software was
used to perform convolution tests to identify SMGs [32].

HPV infection and integration status

ViFi software, which combines phylogenetic methods and
reference sequence alignment to detect viral integration,
was used to analyse the integration status of HPV present in
the cervical adenocarcinoma samples based on WGS data

[33]. The algorithm generates a set of papillomavirus
reference genomes for cervical cancer sample analysis
containing 208 HPVs, including 18 common high- and
intermediate-risk HPV's that have been proven to be closely
related to cervical cancer (e.g., HPV16, 18, 26, 31, 33, 35,
39, 45, 51, 52, 53, 56, 58, 59, 66, 68, 73, and 82).

Statistical analysis

The comparison of clinicopathological characteristics and
overall survival between patients with and without HPV
integration  utilized nonparametric tests and the
Kaplan—Meier method, respectively. Unless otherwise sta-
ted, all analyses were performed with a two-sided sig-
nificance level of 0.2 due to limited sample sized and
mutation numbers. The analysis was conducted with the use
of the software Statistical Product and Service Solutions
(SPSS) Statistics 20.0 (IBM Corporation, Armonk,
NY, USA).

Results
Samples and clinical data

Primary endocervical adenocarcinoma tissues and paired
normal tissues were obtained from 20 patients who had not
received prior radiation or chemotherapy after radical hys-
terectomy (Supplementary Table 1). The mean patient age
was 43.7 years (range, 33—62 years). In total, 14 patients were
in stage I, and 6 patients were in stage II (International Fed-
eration of Gynecology and Obstetrics [FIGO] 2009). Post-
operative pathology was confirmed by two pathologists (YB
and HW). Of the 20 patients, five were diagnosed with deep
stromal invasion, five were diagnosed with lymphovascular
space involvement (LVSI), three were diagnosed with lymph
node metastasis, two were diagnosed with parametrial infil-
tration, and one was diagnosed with a positive vaginal mar-
gin. After a median follow-up of 8 months (range,
3—-14 months), one patient (5.0%) died of disease recurrence.

Somatic genomic alterations

Somatic single nucleotide variations (SNVs) and insertions
and deletions (InDels)

A concatenated quality report of the WGS and WES data
refers Supplementary Table 2. WGS covered the whole
genomic region with a median depth of 31x (range:
25-39x) in the 40 samples. In the WGS analysis, the 20
paired samples contained a total of 100,491 somatic muta-
tions, most of which were present in the intergenic regions
(57.5%), intronic regions (34.46%) and noncoding RNA
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Fig. 1 Distribution of somatic mutations identified in cervical
adenocarcinoma by WGS and WES. Left, the circle represents the
distribution of genomic mutations by WGS; right, the circle represents

(ncRNA) regions (4.5%). The coding sequence (CDS)
regions contained 1320 (1.3%) somatic mutations, includ-
ing 1305 SNVs and 15 InDels (Supplementary Tables 3-5
and Fig. 1).

WES covered the target exons with a median depth of
204x (range: 185-276x) for the 20 tumor samples and 106x
(range: 96-139x) for the normal samples. The 20 pairs of
samples contained a total of 6113 somatic mutations, with
an average of 305.7 mutations per cervical tumor. In total,
1955 mutations were located in CDS regions, 69 were
located in splice sites, 2296 were located in intronic regions,
and 1029 were located in intergenic regions. The WES
analysis disclosed 1788 SNVs and 167 InDels in CDS
regions, including 1143 missense mutations, 507 synon-
ymous mutations, 139 frameshift InDels, 24 nonframeshift
InDels, and 74 stop-gains. Regarding somatic mutations in
CDS regions, the most common type identified was a
missense mutation, which accounted for 58.5% of all
mutations (Supplementary Tables 6-8 and Fig. 1). The
aggregate mutation density was calculated based on non-
silent mutations in the WES data. One tumor with outlier
mutation frequencies (>600 per sample) was defined as
“hypermutant”. The aggregate mutation density was 2.19
mutations per Mb across all cervical adenocarcinoma
tumors and 0.94 when the hypermutant tumor was
excluded.

Copy number variations (CNVs) and structural variations
(SVs)

In total, 2916 CNVs were identified among the in
20 samples, with an average of 145.8 CNVs per tumor,
including 2633 copy number amplifications and 283 copy
number deletions. GISTIC2.0 analysis (with a threshold
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of g <0.20) revealed eight focal amplifications and seven
focal deletions in addition to four recurrently altered
whole arms (Supplementary Tables 9, 10 and Fig. 2). The
chromosomal regions or arms with recurrent copy num-
ber amplifications were 3q27.1 (30%), 12ql1 (30%),
19q11 (35%), 19q13.11 (20%), 3pll.1 (20%), 5pll
(20%), 8q24.21 (15%), 11p11.12 (15%), 13q22.1 (20%),
16pl11.1 (20%), 19p12 (25%), and 20q13.2 (30%), while
the regions with recurrent copy number deletions were
12p13.31 (10%), 1p36.22 (5%), 2q37.1 (10%), 9q34.3
(10%), 12pl12.3 (5%), 19q13.2 (10%), and 20pll.1
(15%). 3q27.1 was confirmed as the most significant
region with recurrent copy number amplifications and
was verified to be present in six tumors. The shortest
common sequence in the 3q27.1 region with CNVs
covered six genes, namely, LINC00888, MCF2L2,
KLHL6, KLHL24, YEATS2, and MAP6D].

SVs were identified by Crest software based on the
analysis of WGS data, and 734(743) SVs, including 74
inversions, 375 large fragment copy number deletions, 3
large fragment insertions, 251 intrachromosomal translo-
cations (ITXs), and 40 interchromosomal translocations
(CTXs), were confirmed in the 20 samples with cervical
adenocarcinoma. The breakpoints were mostly located in
intergenic regions (49.1%), followed by intronic regions
(40.7%), and intronic regions of ncRNAs (4.1%). The SVs
with the breakpoints located in the gene regions were ana-
lysed with inhouse software, and the fusion genes were
detected. There were 52 genetic fusions, forming 34 kinds
of fusion genes, including KRT37-KRT38, SDHAP2-
SDHAPI, ZNF714-ZNF431, NBPF25P-LOC654342,
NBPF20-NUDT4, HLA-H-HLA-A, FAM99A-FAM99B,
APOLA4-APOLI, LINCO00893-LINC00894, and ZNF160-
ZNF415.
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adenocarcinomas. A Clustered
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Mutational spectrum and mutational signature

According to the type of single nucleotide substitution, the
most common kind of point mutation was the replacement
of C with T, consistent with the WGS and WES data
(Fig. 3). Point mutations were classified into 96 different
types according to the base types at each 1 bp upstream and
downstream of the point mutation site. By means of non-
negative matrix factorization (NMF), three signatures were
confirmed in cervical adenocarcinoma. Cluster analysis was
performed on the three signatures with the 30 known sig-
natures summarized and presented in the Catalog of
Somatic Mutations in Cancer (COSMIC, https://cancer.sa
nger.ac.uk/cosmic/signatures_v2.) database to help under-
stand the mutational characteristics identified in our study.
These three signatures found in cervical adenocarcinoma
corresponded to the known signatures 5, 2, and 6, and they
were confirmed in both the WGS and WES analyses
(Supplementary Fig. 1).

Driver genes and significantly mutated genes (SMGs)

In this cohort, PIK3CA, KRAS, TRAPPC12, NDN, GOL-
GAG6LA4, and BAIAP3 were predicted as driver genes by
WES data. Among the predicted driver genes, PIK3CA and
KRAS have been reported previously (Supplementary Fig.
2) [22], and the other four genes are novel.

In total, 1298 genes were confirmed to have non-silent
somatic mutations, 50 of which had a mutation frequency of
more than 10%. Four SMGs with a false discovery rate
(FDR)< 0.2 from the WES data were found using the
MutSiC algorithm (Supplementary Table 11). We identified
PIK3CA, NDN, GOLGAG6LA4, and BAIAP3 as SMGs in
cervical adenocarcinoma and confirmed that NDN, GOL-
GAG6L4, and BAIAP3 were novel SMGs. PIK3CA was

3

4 & " 8 * w ™ § 9 170 ' 11 ' 12 ' 13 ' 14 ' 15 716 '17'18'19'202122

considered the most prominent mutant gene in cervical
adenocarcinoma, consistent with previous studies on cer-
vical cancer (Fig. 4) [34, 35]. PIK3CA has mostly activating
helical domain E542K and E545K mutations, with a marked
relative decrease in mutations elsewhere in the gene. Five
missense mutations were revealed, of which three were
located in the E545K domain, one in the E542K domain,
and one in the £453K domain, which had not been reported
before.

HPV infection and integration

Based on the ViFi algorithm and WGS data, HPV infection
and integration were found in 19 (95%) and 7 (36.8%) of 19
patients (Supplementary Table 1). According to the state of
HPYV integration, the 20 patients were divided into the HPV
+ group and the HPV— group.

The aggregate mutation density of the HPV+ group was
5.28 mutations per Mb across all tumors and 1.82 when the
hypermutant tumor was excluded, both of which were sig-
nificantly higher than those of the HPV— group (0.53
mutations per Mb) (P=0.002), based on which the
neoantigens were predicted and compared between the two
groups. The median number of neoantigens was markedly
higher in the HPV+ group (772) than in the HPV— group
(259) (P =0.024), which might suggest a more promising
prospect for immunotherapy (Fig. 5).

In the HPV+ group, 1036 genes with 1109 non-silent
somatic mutations were identified, including 868 mis-
sense mutations, 47 splice site mutations, 52 nonsense
mutations, 129 frameshift indels and 13 in-frameshift
indels. However, in the HPV-group, only 289 genes with
303 non-silent mutations were identified, including 242
missense mutations, 20 splice site mutations, 20 non-
sense mutations, 10 frameshift indels, and 11 in-
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Fig. 3 Distribution of single-nucleotide variations in different
adenocarcinoma samples. A Column diagram of various mutations
identified by WGS. B Clustered heatmap of various types mutations in
20 cases by WGS. In the heatmap, blue represents downregulated
expression, red represents upregulated expression, and white

frameshift indels. Among the mutated genes confirmed,
only 27 (2.1%) were shared between the two groups
(Fig. 6A).

In the HPV+ group, 95 driver genes with somatic
mutations were detected, whereas in the HPV— group, 24
driver genes with somatic mutations were detected. Only 5
of the 114 (4.4%) driver genes with mutations were shared
between the two groups (Fig. 6B).

Concerning the grouping analysis of SMGs, GOL-
GA6L4, and BAIAP3 were confirmed as SMGs in the HPV
+ group, while PIK3CA, NDN, KRAS, FUTI, and GOL-
GAG6L6 were confirmed as SMGs in the HPV— group. No
common genes were shared between the two groups (Sup-
plementary Table 12 and Fig. 5).
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represents no change in expression. C Column diagram of various
mutations identified by WES. D Clustered heatmap of various types
mutations in 20 cases by WES. WES whole-exome sequencing, WGS
whole-genome sequencing.

The mutated genes were examined after correlation
analysis in both groups (Fig. 7). In the HPV+ group, ZNF
family genes showed a significant positive correlation with
KLHIL33, KMT2C, MYO3A, and PHIP, which are enriched
in lysine degradation and mRNA surveillance pathways; in
the HPV — group, TTN’s were obviously related to ITPRI.

After further comparing the sequences for the two
groups, we determined notably different CNV distribution
for three regions. ZDHHC3, PKDIPI, and TGIF2 on
chromosomes 3, 16, and 20, respectively, were predisposed
towards remarkable copy number amplifications after HPV
integration (Fig. 8).

Between the HPV+ and HPV— groups, there was no
significant difference either in the -clinicopathological



Genomic alterations caused by HPV integration in a cohort of Chinese endocervical adenocarcinomas

1359

HPV+ [14.29%; N = 7]

Fig. 4 Mutational s
characteristic of PIK3CA. The

red circle represents non-silent
mutations, and the size
represents the number of
mutations.

PISK_p85B PISK_rbd.

5
HPV- [23.08%; N = 13]

PI3-Kinase family,p85-binding domain
PI3-Kinase family,ras-binding domain
Phosphoinositide 3-Kinase C2
= Phosphoinositide 3-Kinase family,accessory domain (PIK domain)
* Missense_Mutation

PIK3CA: NM_006218

E545K

C2_PI3K_class_|_alpha PI3Ke_IA_alpha PI3Kc

10712a

E453K ESAZK‘~

E545K

20
MR
10
PR T T e I == s I D:nl:ll:l:.
8000 I
6000
4000 Neo
2000
D,D_:l_=._=u=._=_.=.______~j_El_ELEI_.=.__
[ PV 02 4 6
[ | [ | | PIK3CA(CNV) —
[ | [ | YEATS2(CNV, — :
| - PIKBCA( ) o Alterations  HPV
| | SSLGAGLS(CNV) — Nonsense .NO
| N — Missense YES
| B N GOLGAeL4 — =Splice Site
- GOLGAGLE — MW oain ~
| TRAPPC12 -— B oss
| BAIAP3 -
KRAS -—
KRAS(CNV) -
BAIAP3(CNV)  mmm
GOLGA6L4(CNV) mmm
N(CNV)

Fig. 5 The mutational landscape identified in the HPV+ group and
HPV— group of cervical adenocarcinomas. Clustered heatmaps of
significantly mutated genes and driver genes in the samples are shown
in groups. Clusters presented from left to right include HPV — (orange)
and HPV+ (pink). Tracks for mutational rates (MR) and neoantigens

characteristics listed in Supplementary Table 1 (all P values
greater than 0.05) or in overall survival (P =0.463)
according to Kaplan—Meier analysis.

Discussion

Cervical adenocarcinomas consist of a diverse group of
tumors with several distinct histological tumor types. A
growing body of literature indicates that these tumor types
have type-specific pathogenesis, clinicopathological char-
acteristics, and prognoses. We performed a genomic ana-
lysis in endocervical adenocarcinoma, the most common
type of adenocarcinoma arising from the mucinous endo-
cervical epithelium, which is also referred to as the “usual
type” [36, 37], accounting for approximately 75% of all
adenocarcinomas [5]. In our study, specifically, a tumor cell
purity of up to 75% or more was needed in formalin fixed

YEATS2 -

(Neo) are shown on top of the figure. In the heatmap, blue represents
downregulated expression, red represents upregulated expression, and
white represents no change in expression. The column diagram on the
bottom is the summary of mutational spectrum in each sample. HPV
human papillomavirus.

and paraffin embedded samples, since other cell types may
cause substantial bias in the analysis of genomic changes,
especially in the study of a small sample size. The TCGA
data has showed different features of tumor purity
(P=9.5 x 1073 between two squamous-carcinoma-
enriched groups (keratin-low and keratin-high) and one
adenocarcinoma-enriched group, however, the database had
a large sample size of 178 core-set samples [22]. Based on
stringent criteria, by WGS and WES, we revealed that
endocervical adenocarcinoma had specific genomic char-
acteristics. These findings provide both biomarkers for
potential targeted therapy and a foundation for the analysis
of the role of HPV integration.

First, in our study, 6113 somatic mutations were identi-
fied among 20 samples of cervical adenocarcinoma, with an
average of 305.65 mutations per tumor, which was higher
than the 225.6 mutations per tumor on average from The
Cancer Genome Atlas (TCGA) database [22]. Most genetic

SPRINGER NATURE



1360

W. Li et al.

HPV+

HPV-

HPV+

HPV-

Fig. 6 Distribution of mutated genes (A) and driver genes (B) in the HPV+ group and HPV—
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. HPV, human papillomavirus.
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mutations identified were located in intergenic and intronic
regions, and the most common type of mutation was a
missense mutation, which accounted for more than 50% of
all mutations. However, the analysis of non-silent mutations
revealed a tumor mutational burden of 2.4 mutations per
Mb in our study, which was much lower than the mutational
burden of 4.04 mutations per Mb from the TCGA [22], in

SPRINGER NATURE

ZDHHC3

PKD1P1 TGIF2

which only 31 of 228 (13.6%) belonged to adenocarcinoma.
This discrepancy suggests, as reported previously [38], that
cervical adenocarcinoma has a lower mutational burden
than cervical squamous cell cancer.

Second, we identified an average of 145.8 CNVs in each
tumor sample of cervical adenocarcinoma, which is higher
than that in unclassified cervical cancers from the TCGA
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[22] and in endometrioid endometrial carcinomas [39] but
similar to the average in head and neck squamous cancers
(141 CNVs per tumor) [40]. GISTIC2.0 analysis revealed
eight focal amplifications and seven focal deletions in
addition to four recurrently altered whole arms. Copy
number alterations were observed in 5-30% of all tumor
specimens, which was in accordance with pan-cancer
research (1.5-14%) [41]. Six of the 20 patients were certi-
fied to have copy number amplifications at 3q27.1, among
which the shortest repetition covered six genes:
LINCO0888, MCF2L2, KLHL6, KLHL24, YEATS2, and
MAP6DI. YEATS?2 is considered a scaffolding subunit of
the Ada-two-A-containing (ATAC) complex that binds to
acetylated histone H3 via its YEATS domain [42, 43]. The
YEATS2-containing ATAC complex co-localizes with
H3K27 acetylation (H3K27ac) on the promoters of actively
transcribed genes. The YEATS2 gene has been confirmed to
be highly amplified in human nonsmall cell lung cancer
(NSCLC) and is required for cancer cell growth and sur-
vival [44]. It was believed that the identification of YEATS2
amplification could be used as a novel therapeutic target for
the targeted therapy of NSCLC [44]. However, whether it
works similarly in the development of cervical adeno-
carcinoma still requires further study.

Third, Crest software was applied to detect a total of 743
SVs in 20 samples of cervical adenocarcinoma, revealing 34
fusion genes (e.g., HLA-H-HLA-A, APOL4-APOLI, and
LINC00893-LINC00894), all with a positive rate among all
samples of 15%. In the TCGA, ZC3H7A-BCAR4 was the
most frequently detected fusion gene in cervical cancer,
accompanied by amplifications of BCAR4 [22]. However, we
did not detect this fusion gene in cervical adenocarcinoma.

Fourth, in our study, after the evaluation of WES data in
20 cervical adenocarcinomas, six genes (i.e., PIK3CA,
KRAS, TRAPPCI12, NDN, GOLGAGLA, and BAIAP3) were
predicted as driver genes that could promote tumor forma-
tion and development. Except for PIK3CA and KRAS, the
four other genes were identified as novel driver genes in
cervical adenocarcinoma, which might need further vali-
dation. Cervical squamous cell carcinoma and adenocarci-
noma have distinct molecular profiles. The PIK3CA
mutation rates did not differ significantly between adeno-
carcinomas and squamous cell carcinomas, and KRAS
mutations were identified only in adenocarcinomas [45].
Previous reports have uncovered plentiful SMGs in studies
on cervical cancers [22, 45]. Based on WES data, we
identified four SMGs that may be associated with cervical
adenocarcinoma: PIK3CA, NDN, GOLGA6I4, and
BAIAP3. Typically, the mutations occurred in the E542K
and E545K domains of PIK3CA [46]. In our study, PIK3CA
appeared to be a frequently altered gene in cervical ade-
nocarcinoma, with missense mutations in 4 of 20 (20%)
tumors, consistent with previous reports (8-37.5%)

[45, 47]. We identified five mutations located in the ES42K
and E545K domains as well as in the E453 domain.
However, NDN, GOLGAG6ILA, and BAIAP3 were revealed as
novel SMGs in our study and were also predicted to have
their own driver functions. Therefore, these genes may play
an important role in cervical adenocarcinoma and need
further research. In contrast, other genes frequently mutated
in previous studies [22, 38, 45], such as HLA-B, NFE2L2,
EP300, FBXW7, ARIDIA, SHKBPI1, ERBB3, and CASPS,
were not confirmed in our study, probably because of the
heterogeneity of tumor origins in previous studies.

Last, in our cervical adenocarcinoma samples, three
signatures were identified in both WES and WGS analyses,
corresponding to signatures 2, 5, and 6 from the COSMIC
database. According to Henderson’s research, virus infec-
tion can activate APOBEC, and more than 99% of APOBEC
mutations are caused by persistent HPV infection [46]. This
suggests that APOBEC mutagenesis may also be the pre-
dominant source of mutations in cervical adenocarcinoma
under the action of HPV, as reported previously in cervical
cancer [22].

In cervical cancer as a whole, gene expression levels at
HPYV integration sites are significantly higher in tumors with
HPV integration than in tumors without viral integration at
the same site [47]. The integration of HPV was recently
observed to be associated with structural aberrations and
increased target gene expression [22]. In our study on
adenocarcinomas, these findings were further confirmed.
According to CNV analysis, ZDHHC3, PKDIPI, and
TGIF2 showed copy number amplifications after HPV
integration. Among which, ZDHHC3 (zinc finger DHHC-
type containing 3) was associated with protein palmitoyla-
tion, a common post-translational lipid modification, with a
significant role in protein trafficking and the progression of
cell division. Research published in 2018 revealed that
ZDHHC3 can promote herpes simplex virus infectivity
in vitro and viral pathogenesis in vivo [48]. Thus, we
explored whether it has similar functions in the formation or
development of cervical adenocarcinoma by HPV integra-
tion. After HPV integration, the mutated genes KLHL33,
KMT2C, MYO3A, and PHIP were confirmed to be posi-
tively related to ZNF families, which have been reported to
affect inflammatory reactions to some viruses [49]. They
were found to be enriched in pathways such as the lysine
degradation pathway and mRNA surveillance pathway.
Thus, HPV integration promoted the accumulation of cer-
tain metabolites in these pathways, resulting in the devel-
opment of cervical adenocarcinoma.

In summary, in our study, the HPV+ group had several
distinct genomic characteristics relative to the HPV— group,
as follows: (1) higher aggregate mutation density, (2) more
neoantigen expression, (3) more non-silent somatic muta-
tions, (4) more specific driver genes with somatic mutations,
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and (5) specific SMGs. These characteristics make HPV+
adenocarcinoma a unique subpopulation that could benefit
from targeted therapy and/or immunotherapy, since HPV16
vaccination together with PD-1 inhibitors could afford a
promising survival outcomes for incurable HPV16-raleted
cancers [50]. WES revealed HPV sequences in 13 tumors
(86.7%) in women from Hong Kong, in which the HPV
genome might have integrated into and hence disrupted the
functions of certain exons [38].

On a genome-wide scale, the squamous type shows
significantly more gains than the adenocarcinoma type [51],
which determines the different responses to treatment and
survival outcomes in these two major types. Therefore,
genomic alterations may be associated with survival out-
comes, which awaits long follow-up in a large cohort.
However, based on our findings, cervical adenocarcinoma
with and without HPV integration are probably two entities
with different treatment protocols and survival outcomes.
There is some evidence supporting our hypothesis. As
mentioned previously, the subclassification of adenocarci-
nomas addressed the role of HPV infection and/or genomic
alterations in the survival outcomes of patients with cervical
adenocarcinoma [15, 18], a miscellaneous complex. In
addition, specific HPV16 variant sublineages identified by a
genome-wide association study (GWAS) strongly influence
the risk of the histological types of cervical precancer and
cancer [52]. These findings need both long-term follow-up
in a cohort population and combined omics analyses, which
have revealed global changes caused by HPV oncogenes in
a less biased way, and allow the identification of novel
factors and key cellular networks that may promote
malignant transformation [53].

Conclusions

Based on our findings, HPV integration rather than HPV
infection results in different genomic changes in cervical
adenocarcinoma, which suggested cervical adenocarcinoma
with and without HPV integration may be two entities with
different treatment protocols and survival outcomes.

Data availability

All data of this study has been contained in the text and its
supplementary materials.

Funding This study is supported by the Chinese Academy of Medical
Sciences Initiative for Innovative Medicine (CAMS-2017-12M-1-002).
The funders had no role in the study design, data collection, and
analysis, decision to publish, or preparation of the manuscript.

Author contributions M.W. and L.L. conceived of the original idea for
the study, interpreted results, carried out the statistical analysis, edited

SPRINGER NATURE

the paper and was overall guarantor. W. Li and W. Lei obtained ethical
approval, contributed to the preparation of the data set, interpreted
results and contributed to drafts of the paper. X.C., X.S., and J.L.
contributed to the study design, interpretation of results and com-
mented on drafts of the paper. Y.B. and H.-W. conducted the patho-
logical evaluation. All authors have approved the final version of the
manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethics approval and registration The Institutional Review Board of
Peking Union Medical College Hospital has approved this study (No.
JS-1696). The registration number is NCT03742869 (clinicaltrials.
gov, registered on November 15, 2018).

Consent for publication Consents for publication have been obtained
from all patients.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Cohen PA, Jhingran A, Oaknin A, Denny L. Cervical cancer.
Lancet. 2019;393:169-82.

2. Pettersson BF, Hellman K, Vaziri R, Andersson S, Hellstrom AC.
Cervical cancer in the screening era: who fell victim in spite of
successful screening programs? J Gynecol Oncol. 2011;22:76-82.

3. Bulk S, Visser O, Rozendaal L, Verheijen RH, Meijer CJ. Cer-
vical cancer in the Netherlands 1989-1998: decrease of squamous
cell carcinoma in older women, increase of adenocarcinoma in
younger women. Int J Cancer. 2005;113:1005-9.

4. Beiner ME, Covens A. Surgery insight: radical vaginal trache-
lectomy as a method of fertility preservation for cervical cancer.
Nat Clin Pract Oncol. 2007;4:353-61.

5. Pirog EC, Kleter B, Olgac S, Bobkiewicz P, Lindeman J, Quint
WG, et al. Prevalence of human papillomavirus DNA in different
histological subtypes of cervical adenocarcinoma. Am J Pathol.
2000;157:1055-62.

6. Pirog EC, Lloveras B, Molijn A, Tous S, Guimera N, Alejo M,
et al. HPV prevalence and genotypes in different histological
subtypes of cervical adenocarcinoma, a worldwide analysis of 760
cases. Mod Pathol. 2014;27:1559-67.

7. Holl K, Nowakowski AM, Powell N, McCluggage WG, Pirog EC,
Collas De Souza S, et al. Human papillomavirus prevalence and
type-distribution in cervical glandular neoplasias: results from a


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Genomic alterations caused by HPV integration in a cohort of Chinese endocervical adenocarcinomas

1363

10.

11.

12.

14.

15.

17.

18.

19.

20.

21.

22.

23.

European multinational epidemiological study. Int J Cancer.
2015;137:2858-68.

. Molijn A, Jenkins D, Chen W, Zhang X, Pirog E, Enqi W, et al.

The complex relationship between human papillomavirus and
cervical adenocarcinoma. Int J Cancer. 2016;138:409-16.

. Quint KD, de Koning MNC, Geraets DT, Quint WGV, Pirog EC.

Comprehensive analysis of human papillomavirus and Chlamydia
trachomatis in in-situ and invasive cervical adenocarcinoma.
Gynecol Oncol. 2009;114:390-4.

Chen W, Molijn A, Enqi W, Zhang X, Jenkins D, Yu X, et al. The
variable clinicopathological categories and role of human papil-
lomavirus in cervical adenocarcinoma: a hospital based nation-
wide multi-center retrospective study across China. Int J Cancer.
2016;139:2687-97.

Pirog EC. Cervical adenocarcinoma: diagnosis of human
papillomavirus-positive and human papillomavirus-negative
tumors. Arch Pathol Lab Med. 2017;141:1653-67.

Doorbar J. Molecular biology of human papillomavirus infection
and cervical cancer. Clin Sci. 2006;110:525-41.

. Dahlstrom LA, Ylitalo N, Sundstrom K, Palmgren J, Ploner A,

Eloranta S, et al. Prospective study of human papillomavirus and
risk of cervical adenocarcinoma. Int J Cancer. 2010;127:1923-30.
Stolnicu S, Barsan I, Hoang L, Patel P, Terinte C, Pesci A, et al.
International endocervical adenocarcinoma criteria and classifi-
cation (IECC): a new pathogenetic classification for invasive
adenocarcinomas of the Endocervix. Am J Surg Pathol.
2018;42:214-26.

Hodgson A, Olkhov-Mitsel E, Howitt BE, Nucci MR, Parra-
Herran C. International endocervical adenocarcinoma criteria and
classification (IECC): correlation with adverse clinicopathological
features and patient outcome. J Clin Pathol. 2019;72:347-53.

. Stolnicu S, Barsan I, Hoang L, Patel P, Terinte C, Pesci A, et al.

Stromal invasion pattern identifies patients at lowest risk of lymph
node metastasis in HPV-associated endocervical adenocarcino-
mas, but is irrelevant in adenocarcinomas unassociated with HPV.
Gynecol Oncol. 2018;150:56-60.

Baalbergen A, Smedts F, Ewing P, Snijders PJ, Meijer CJ,
Helmerhorst TJ. HPV-type has no impact on survival of patients
with adenocarcinoma of the uterine cervix. Gynecol Oncol.
2013;128:530-4.

Hodgson A, Amemiya Y, Seth A, Cesari M, Djordjevic B,
Parra-Herran C. Genomic abnormalities in invasive endocervical
adenocarcinoma correlate with pattern of invasion: biologic and
clinical implications. Mod Pathol. 2017;30:1633-41.

Dong F, Kojiro S, Borger DR, Growdon WB, Oliva E. Squa-
mous cell carcinoma of the vulva: a subclassification of 97
cases by clinicopathologic, immunohistochemical, and mole-
cular features (pl16, p53, and EGFR). Am J Surg Pathol.
2015;39:1045-53.

McAlpine JN, Leung SCY, Cheng A, Miller D, Talhouk A, Gilks
CB, et al. Human papillomavirus (HPV)-independent vulvar
squamous cell carcinoma has a worse prognosis than HPV-
associated disease: a retrospective cohort study. Histopathology.
2017;71:238-46.

Wentzensen N, Vinokurova S, von Knebel Doeberitz M. Sys-
tematic review of genomic integration sites of human papilloma-
virus genomes in epithelial dysplasia and invasive cancer of the
female lower genital tract. Cancer Res. 2004;64:3878-84.
Cancer Genome Atlas Research Network. Integrated genomic
and molecular characterization of cervical cancer. Nature.
2017;543:378-84.

Chandrani P, Kulkarni V, Iyer P, Upadhyay P, Chaubal R, Das P,
et al. NGS-based approach to determine the presence of HPV and
their sites of integration in human cancer genome. Br J Cancer.
2015;112:1958-65.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Peter M, Stransky N, Couturier J, Hupe P, Barillot E, de Cremoux
P, et al. Frequent genomic structural alterations at HPV insertion
sites in cervical carcinoma. J Pathol. 2010;221:320-30.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N,
et al. The Sequence Alignment/Map format and SAMtools.
Bioinformatics. 2009;25:2078-9.

Boeva V, Popova T, Bleakley K, Chiche P, Cappo J, Schleier-
macher G, et al. Control-FREEC: a tool for assessing copy
number and allelic content using next-generation sequencing data.
Bioinformatics. 2012;28:423-5.

Wang J, Mullighan CG, Easton J, Roberts S, Heatley SL, Ma J,
et al. CREST maps somatic structural variation in cancer genomes
with base-pair resolution. Nat Methods. 2011;8:652—4.

Wang K, Li M, Hakonarson H. ANNOVAR: functional annota-
tion of genetic variants from high-throughput sequencing data.
Nucleic Acids Res. 2010;38:e164.

Cibulskis K, Lawrence MS, Carter SL, Sivachenko A, Jaffe D,
Sougnez C, et al. Sensitive detection of somatic point mutations in
impure and heterogeneous cancer samples. Nat Biotechnol.
2013;31:213-9.

Saunders CT, Wong WS, Swamy S, Becq J, Murray LJ, Cheetham
RK. Strelka: accurate somatic small-variant calling from
sequenced tumor-normal sample pairs.  Bioinformatics.
2012;28:1811-7.

Tamborero D, Gonzalez-Perez A, Lopez-Bigas N. Onco-
driveCLUST: exploiting the positional clustering of somatic muta-
tions to identify cancer genes. Bioinformatics. 2013;29:2238-44.
Dees ND, Zhang Q, Kandoth C, Wendl MC, Schierding W,
Koboldt DC, et al. MuSiC: identifying mutational significance in
cancer genomes. Genome Res. 2012;22:1589-98.

Nguyen ND, Deshpande V, Luebeck J, Mischel PS, Bafna V.
ViFi: accurate detection of viral integration and mRNA fusion
reveals indiscriminate and unregulated transcription in proximal
genomic regions in cervical cancer. Nucleic Acids Res.
2018;46:3309-25.

Jiang W, He T, Liu S, Zheng Y, Xiang L, Pei X, et al. The
PIK3CA E542K and E545K mutations promote glycolysis and
proliferation via induction of the B-catenin/SIRT3 signaling
pathway in cervical cancer. J] Hematol Oncol. 2018;11:139.
Banister CE, Liu C, Pirisi L, Creek KE, Buckhaults PJ. Identifi-
cation and characterization of HPV-independent cervical cancers.
Oncotarget. 2017;8:13375-86.

Young RH, Clement PB. Endocervical adenocarcinoma and its
variants: their morphology and differential diagnosis. Histo-
pathology. 2002;41:185-207.

Kurman RJ, Carcangiu ML, Herrington CS, Young RH, editors.
WHO classification of tumours of female reproductive organs. 4
edn. Lyon: International Agency for Research on Cancer (IARC);
2014.

Chung TK, Van Hummelen P, Chan PK, Cheung TH, Yim SF, Yu
MY, et al. Genomic aberrations in cervical adenocarcinomas in
Hong Kong Chinese women. Int J Cancer. 2015;137:776-83.
Kandoth C, Schultz N, Cherniack AD, Akbani R, Liu Y, Shen H,
et al. Integrated genomic characterization of endometrial carci-
noma. Nature. 2013;497:67-73.

Cancer Genome Atlas Network. Comprehensive genomic char-
acterization of head and neck squamous cell carcinomas. Nature.
2015;517:576-82.

Beroukhim R, Mermel CH, Porter D, Wei G, Raychaudhuri S,
Donovan J, et al. The landscape of somatic copy-number altera-
tion across human cancers. Nature. 2010;463:899-905.

Wang YL, Faiola F, Xu M, Pan S, Martinez E. Human ATAC is a
GCNS5/PCAF-containing acetylase complex with a novel NC2-
like histone fold module that interacts with the TATA-binding
protein. J Biol Chem. 2008;283:33808-15.

SPRINGER NATURE



1364

W. Li et al.

43.

44.

45.

46.

47.

48.

Guelman S, Suganuma T, Florens L, Swanson SK, Kiesecker CL,
Kusch T, et al. Host cell factor and an uncharacterized SANT
domain protein are stable components of ATAC, a novel dAda2A/
dGcen5-containing  histone acetyltransferase complex in Droso-
phila. Mol Cell Biol. 2006;26:871-82.

Mi W, Guan H, Lyu J, Zhao D, Xi Y, Jiang S, et al. YEATS2
links histone acetylation to tumorigenesis of non-small cell lung
cancer. Nat Commun. 2017;8:1088.

Wright AA, Howitt BE, Myers AP, Dahlberg SE, Palescandolo E,
Van Hummelen P, et al. Oncogenic mutations in cervical cancer:
genomic differences between adenocarcinomas and squamous cell
carcinomas of the cervix. Cancer. 2013;119:3776-83.
Henderson S, Chakravarthy A, Su X, Boshoff C, Fenton TR.
APOBEC-mediated cytosine deamination links PIK3CA helical
domain mutations to human papillomavirus-driven tumor devel-
opment. Cell Rep. 2014;7:1833-41.

Ojesina Al Lichtenstein L, Freeman SS, Pedamallu CS, Imaz-
Rosshandler I, Pugh TJ, et al. Landscape of genomic alterations in
cervical carcinomas. Nature. 2014;506:371-5.

Wang S, Mott KR, Cilluffo M, Kilpatrick CL, Murakami S, Lju-
bimov AV, et al. The absence of DHHC3 affects primary and latent
herpes simplex virus 1 infection. J Virol. 2018;92:e01599-17.

SPRINGER NATURE

49.

50.

51

52.

53.

Liu Y, Yin W, Wang J, Lei Y, Sun G, Li W, et al. KRAB-zinc
finger protein ZNF268a deficiency attenuates the virus-induced
pro-inflammatory response by preventing IKK complex assembly.
Cells. 2019;8:1604.

Massarelli E, William W, Johnson F, Kies M, Ferrarotto R, Guo
M, et al. Combining immune checkpoint blockade and tumor-
specific vaccine for patients with incurable human papillomavirus
16-related cancer: a phase 2 clinical trial. JAMA Oncol.
2018;5:67-73.

Wilting SM, Snijders PJ, Meijer GA, Ylstra B, van den Ijssel PR,
Snijders AM, et al. Increased gene copy numbers at chromosome
20q are frequent in both squamous cell carcinomas and adeno-
carcinomas of the cervix. J Pathol. 2006;209:220-30.

Mirabello L, Yeager M, Cullen M, Boland JF, Chen Z, Went-
zensen N, et al. HPV16 sublineage associations with histology-
specific cancer risk using HPV whole-genome sequences in 3200
Women. J Natl Cancer Inst. 2016;108:djw100.

Yang R, Klimentova J, Gockel-Krzikalla E, Ly R, Gmelin N,
Hotz-Wagenblatt A, et al. Combined transcriptome and proteome
analysis of immortalized human keratinocytes expressing human
papillomavirus 16 (HPV16) oncogenes reveals novel key factors
and networks in HPV-induced carcinogenesis. mSphere. 2019;4:2.



	Genomic alterations caused by HPV integration in a cohort of Chinese endocervical adenocarcinomas
	Abstract
	Introdution
	Methods
	Study subjects
	Next-generation sequencing
	Sequencing data analysis and mutation calling
	Driver genes and SMGs
	HPV infection and integration status
	Statistical analysis

	Results
	Samples and clinical data
	Somatic genomic alterations
	Somatic single nucleotide variations (SNVs) and insertions and deletions (InDels)
	Copy number variations (CNVs) and structural variations (SVs)
	Mutational spectrum and mutational signature
	Driver genes and significantly mutated genes (SMGs)
	HPV infection and integration

	Discussion
	Conclusions
	Supplementary information
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




