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Abstract

Somatic mutations in cervical intraepithelial neoplasia (CIN) are largely unknown. Here, we profiled 35 cervical
carcinomas and 23 CIN grade 2/3 (CIN2/3) for mutations in 48 cancer-related genes using a Next Generation
Sequencing-based cancer panel. PIK3CA exon 9 was the most frequently mutated locus in cervical carcinoma
and the only mutated locus detected in CIN2/3. These PIK3CA exon 9 mutation findings were verified in a
large, independent series (n=647) covering all stages of cervical carcinogenesis using high resolution
melting-guided Sanger sequencing. PIK3CA exon 9 mutation frequency was 37.1% (13/35; 95%Cl 21.2-
54.0%) in cervical carcinoma, and 2.4% (5/209; 95%Cl 0.5-4.7%) in CIN3. No PIK3CA exon 9 mutations
were detected in CIN2 (0/144), CIN1 (0/154) and normal cervix (0/105). In a third series of 46 CIN2/3 lesions
from women with a known 5-year history of preceding high-risk human papillomavirus (hrHPV) infection,
detection of PIK3CA exon 9 mutation was confined to 2 (5.4%; 95%CI 0.0-13.2%) CIN3 lesions with preced-
ing hrHPV infection >5 years, and was absent in those with a short duration (<5 years) of preceding hrHPV
infection. In conclusion, somatic mutation in PIK3CA represents a late event during cervical carcinogenesis,

detected in a substantial subset of cervical carcinoma, but only in a minority of CIN3.
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Introduction

A persistent infection with high-risk human papillo-
mavirus (hrHPV) is the necessary cause of cervical
cancer, yet additional genetic and epigenetic host cell
aberrations are required for progression to invasive
cancer [1]. To date, genomic studies on cervical can-
cer and its squamous precursor lesions, cervical intra-
epithelial neoplasia (CIN) grade 1-3, have mostly
focused on chromosomal aberrations and epigenetic
features [1,2]. A few studies, mainly restricted to cer-
vical cancer, have concentrated on somatic mutations.
These studies have revealed PIK3CA as the most fre-
quently mutated gene with frequencies of 5.7-35.7%
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[3-11]. So far, CIN lesions have not been subjected
to mutation analysis in a comprehensive manner. It
therefore remains unclear at what stage during cervi-
cal carcinogenesis somatic mutations occur. In this
study, we perform comprehensive mutation profiling
of squamous precursor lesions of cervical cancer.

Materials and methods

Clinical specimens

Frozen tissue specimens of cervical squamous cell
carcinoma (SCC, n=25), cervical adenocarcinoma
(AdCA, n=10) and CIN2/3 (n=23) were used for
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mutation profiling of 48 cancer-related genes using a
Next Generation Sequencing (NGS)-based cancer
panel (further referred to as TSACP-MiSeq-NGS).
Given limitations in accurate histological grading of
high-grade CIN on frozen tissue sections, CIN2 and
CIN3 were grouped together in the frozen tissue sam-
ple set. An independent series of formalin-fixed par-
affin-embedded (FFPE) tissue specimens covering all
stages of cervical carcinogenesis was used for verifi-
cation studies by high resolution melting-guided
Sanger sequencing. This series consisted of cervical
SCC (n=28), cervical AdCA (n=7), CIN3
(n=1209), CIN2 (n=144), CIN1 (n = 154) and nor-
mal cervical epithelium (»=105). An additional
FFPE series of CIN2 (n=3) and CIN3 (n=43) was
from women participating in the Population Based
Screening Study Amsterdam (POBASCAM) and
detected in the second screening round (interval 5
years) in the control arm (cytology screening with
blind HPV testing) [12]. Accordingly, the 5-year his-
tory of hrHPV infection of these women was known.
The duration of preceding hrHPV infection (PHI)
was considered as a proxy for duration of lesion exis-
tence [13]. Women with the same hrHPV-type in
their biopsy compared to baseline have PHI > 5 years
and were considered to have more advanced lesions
(n=3 CIN2; n=34 CIN3). Women who acquired
the hrHPV infection after study entrance (PHI<S5
years) were considered to have early lesions (n =9
CIN3). The study followed the ethical guidelines of
VU University Medical Center.

TSACP-MiSeq-NGS and PIK3CA exon 9 HRM-
sequencing

Genomic DNA was isolated by Qiagen DNA Micro
kit (Qiagen, Hilden, Germany) or easyMAG (Bio-
mérieux, Marcy D’Etoile, France) according to the
manufacturer’s instructions. Genomic DNA from fro-
zen tissue specimens was subjected to amplicon-
based NGS using TruSeq Amplicon Cancer Panel
(TSACP; Illumina, San Diego, CA, USA) and the
MiSeq Personal Sequencer (Illumina), essentially as
described before [14]. TSACP covers 212 amplicons
from 48 cancer-related genes, which are simultane-
ously amplified in a single-tube reaction. A minimal
variant allele frequency (VAF) of 0.05 was used to
score mutations. High-resolution melting followed by
Sanger sequencing (HRM-sequencing) for PIK3CA
exon 9 was applied to genomic DNA from FFPE-
tissue specimens, as previously described [14].

Statistical analysis

Mutation frequencies were calculated with 95% con-
fidence intervals (CI). Differences between groups
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were analysed by Chi-square test using cross-
tabulation. A p-value below 0.05 was considered stat-
istically significant. Statistical analysis was per-
formed with IBM SPSS v20.

Results

Mutation profiling of cervical carcinoma and
CIN2/3

To evaluate the presence of somatic hotspot muta-
tions in 48 cancer-related genes, a NGS-based panel
(TSACP-MiSeq-NGS) was applied to 25 SCC, 10
AdCA and 23 CIN2/3 (Table 1). Sixteen tumours
45.7%; 95%CI1 28.6-62.9%) showed one or more
non-synonymous mutations. Overall mutation fre-
quency was comparable between SCC (12/25; 48.0%;
95%CI 27.6-68.0%) and AACA (4/10; 40.0%; 95%CI
11.1-71.4%; p = 0.668). Most tumours harboured a
single mutation (13/16; 81.3%). Co-occurrence of
mutations was found in three tumours: PIK3CA and
FBXW7 (n=1 SCC), PIK3CA and TP53 (n=1
SCC), and PTEN and ATM (n=1 AdCA). PIK3CA
exon 9 was the most frequently mutated locus in cer-
vical carcinoma (overall: 7/35; 20.0%; 95%CI 8.0—
34.1%; SCC: 6/25; 24.0%; 95%CI 8.3-43.8% and
AdCA: 1/10; 10.0%; 95%CI 0.0-33.3%) with median
VAF of 0.23 (range 0.09-0.63). All PIK3CA muta-
tions involved hotspot sites in exon 9, ie, codon 542
(2/7; 28.6%) and codon 545 (5/7; 71.4%). Only one
CIN2/3 (4.3%; 95%CI 0.0-14.3%) harboured a muta-
tion, concerning PIK3CA p.E542K (VAF of 0.05).

PIK3CA exon 9 mutations in an independent set
covering all stages of cervical carcinogenesis

Given that PIK3CA exon 9 was the most frequently
mutated locus, further mutation scanning was per-
formed by HRM-sequencing spanning that locus.
Testing of the above series by HRM-sequencing veri-
fied the TSACP-MiSeq-NGS results for PIK3CA
exon 9. Next, a large independent series comprising
28 SCC, 7 AdCA, 209 CIN3, 144 CIN2, 154 CIN1
and 105 normal cervical epithelium, was evaluated to
investigate the onset of PIK3CA exon 9 mutations
during cervical cancer development (Table 2A).
PIK3CA exon 9 mutations were detected in 13 cervi-
cal cancers (37.1%; 95%CI 21.2-54.0%), including
12 SCC (42.9%; 95%CI 23.8-62.5%) and 1 AdCA
(14.3%; 95%CI 0.0-50.0%). Mutation frequency
tended to be higher in SCC, but the difference
between the two histological types was not signifi-
cant (p = 0.162). Most mutations involved hotspots at
codon 542 (6/13; 46.0%) or 545 (6/13; 46.0%). Five
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Table 1. Mutations in cervical carcinoma and CIN2/3 as assessed by TSACP-MiSeq-NGS

Mutation

CDS Amino acid
Gene change change
PIK3CA c.1624G>A p.E542K

¢.1633G>A p.E545K

c.1633G>C p.E545Q
FBXW7 c.1273C>G p.R425G
PTEN c.65A>G p.D22G

€.724G>T p.E242*
APC €.3400G6>C p.D1134H
STK11 ¢.597G>C p.E199D
AKT1 c.82C>G p.L28V
RB1 IVS3-1G>C Acceptor splice site
TP53 c.586C>T p.R196*
NRAS c.182A>G p.Q61R
GNAT1 c.972C>G p.1324M
ATM €.7322T>G p.V2441G

CIN2/3 scc AdCA
(n=123) (n=25) (n=10)
n (VAF) n (VAF) n (VAF)
1 (0.05) 2 (0.13, 0.61) 0

0 4 (0.09', 0.14, 0.23, 0.32?) 0

0 0 1 (0.63)

0 2 (0.14", 0.16) 0

0 1 (0.39) 0

0 0 1(0.71%)

0 1 (0.30) 0

0 1 (0.23) 0

0 1 (0.11) 0

0 1 (0.57) 0

0 1 (0.06%) 0

0 0 1 (0.30)

0 0 1(0.15)

0 0 1 (0.50%)

AdCA, adenocarcinoma; CDS, coding DNA sequence; CIN, cervical intraepithelial neoplasia; SCC, squamous cell carcinoma; TSACP-MiSeq-NGS, TruSeq Amplicon
Cancer Panel-based Next Generation Sequencing on the MiSeq Personal Sequencer; VAF, variant allele frequency depicted for each mutated specimen

separately.
123 Co-occurrence of mutations (number indicating the combination).

CIN3 lesions (2.4%; 95%CI 0.5-4.7%) showed a
PIK3CA exon 9 hotspot mutation, ie, p.E542K (1/5;
20.0%) and p.E545K (4/5; 80.0%). PIK3CA exon 9
mutations were not found in CIN2, CIN1 and normal
cervical epithelium.

PIK3CA exon 9 mutations in CIN2 and CIN3 with
different durations of lesion existence

Finally, we assessed the occurrence of PIK3CA exon
9 mutations in relation to duration of lesion exis-
tence. To this end, we analysed an independent series
of CIN2 and CIN3 diagnosed in women participating
in the POBASCAM trial with a known 5-year history
of preceding hrHPV infection [13]. These comprised
early (n=29) lesions from women with a known pre-
ceding hrHPV infection of <5 years, and advanced
(n=237) lesions from women with a preceding

hrHPV infection lasting >5 years as a proxy of lon-
ger duration of lesion existence. Two advanced CIN3
lesions (5.4%; 95%CIl 0.0-13.2%) harboured a
PIK3CA (p.E545K) mutation, but none of the early
lesions (Table 2B).

Discussion

This study shows that somatic mutations in PIK3CA
represent a late event during cervical carcinogenesis.
A substantial subset of cervical carcinomas harboured
a PIK3CA exon 9 mutation, but only a minority of
CIN3, and no CIN2 or CINI1. The low VAF of
PIK3CA exon 9 mutation in cervical cancer suggests
that it is present in subclones and further supports
this being a late event in tumour evolution. In a lim-
ited number of high-grade CIN with known duration

Table 2. Overview of PIK3CA exon 9 mutations in cervical tissue specimens as assessed by HRM-sequencing

A. Cross-sectional series stratified by histological grade

B. CIN2 and CIN3
stratified by known
duration of preceding
hrHPV infection

PIK3CA exon 9 mutation

Normal CIN1 CIN2
Amino acid (n=105) (n=154) (n=144)

CDS change change n (%) n (%) n (%)
C.1624G>A p.E542K 0 (0) 0 (0) 0 (0
¢.1624G>C p.E542Q 0 (0) 0 (0) 0 (0
c.1633G>A p.E545K 0 (0) 0 (0) 0 (0
.1637A>G p.Q546R 0 (0) 0 (0) 0(0
Overall 0 (0) 0 (0) 0(0

CIN3 SCcC AdCA Early Advanced
(n=209) (n=28) (n=7) (n=9) (n=37)
n (%) n (%) n (%) n (%) n (%)

1 (0.5) 5(17.9) 0 (0) 0 (0) 0 (0)
0 (0) 1(3.6) 0 (0) 0 (0) 0 (0)
4 (1.9) 5 (17.9) 1 (14.3) 0 (0) 2 (5.4)
0 (0) 1(3.6) 0 (0) 0 (0) 0 (0)
5 (2.4) 12 (42.9) 1(14.3) 0 (0) 2 (5.4)

AdCA, adenocarcinoma; Advanced, CIN2 (n=3) and CIN3 (n= 34) from women with a preceding hrHPV infection >5 years; CDS, coding DNA sequence; CIN,
cervical intraepithelial neoplasia; Early, CIN3 from women with a preceding hrHPV infection <5 years; SCC, squamous cell carcinoma.
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of preceding hrHPV infection, PIK3CA mutations
were only present in so-called advanced CIN3, and at
low prevalence. By combining the current findings
with those from our previous studies, we may infer
the timing of different (epi)genetic aberrations fol-
lowing the initiating event (ie, a transforming hrHPV
infection) during cervical carcinogenesis. Relative to
chromosomal aberrations and altered DNA methyla-
tion, which are detectable in the great majority of
cervical carcinomas and advanced CIN3 [1,13,15,16],
PIK3CA mutations can be considered a late event.

To the best of our knowledge, this is the first study
evaluating large series of CIN for somatic mutations.
Mutations in cancer-related genes were present in
almost half of cervical carcinomas. The finding that
PIK3CA is the most frequently mutated gene in cer-
vical cancers is in line with previous reports [3—11].
However, mutations in cancer-related genes appeared
to be rare in CIN lesions. To date, no PIK3CA muta-
tions have been reported in CIN, but earlier studies
comprised limited sample series [5,8].

A limitation of our study might be seen in the tar-
geted NGS approach. Mutations outside the targeted
genomic regions thereby remain undetected, with
potential underrepresentation of overall mutation fre-
quency as a result. Furthermore, the technology may
be restricted in the identification of subclonal muta-
tions that might be present at a VAF below the
detection threshold of the assay. In addition, no nor-
mal DNA was available to verify the somatic origin
of the mutations identified.

Of the PIK3CA mutations found, the only mutated
locus in this gene was exon 9. In fact, the majority
of these PIK3CA mutations (25/28; 89.3%) were hot-
spot mutations p.E542K (c.1624G>A) and p.E545K
(c.1633G>A). These alterations both correspond to
C>T (ie, G>A on the opposing strand) mutations at
a TCW (W = A or T) trinucleotide motif. Previously,
a significant skew towards TCW mutations in
PIK3CA was found in hrHPV-positive head and neck
SCC, suggesting involvement of apolipoprotein B
mRNA editing enzyme (APOBEC) [17]. These
enzymes are normally involved in deamination of
cytosines, which results in conversion to uracil, dur-
ing RNA editing. Replacement of uracil in the DNA
generally results in mutations to thymine or guanine
[17,18]. A role for APOBEC in response to hrHPV
infection has been proposed as a host defence mecha-
nism and is hypothesized to trigger APOBEC-
signature mutations in hrHPV-associated cancers
[19].

Apart from mutations at hotspot codons 542 and
545, p.Q546R was present in one cervical carcinoma.
The latter has not previously been described in cervi-
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cal cancer, but has been reported in other cancer
types, such as colon cancer [20]. Mutations in other
genes were rarely identified in cervical carcinoma.
The second most mutated gene in SCC was FBXW7,
with a frequency (8.0%; 95%CI 0.0-20.0%) in-
between previously published rates (1.5-15.0%), but
these concerned other base substitutions [4,7].

In conclusion, PIK3CA exon 9 mutations occur in
a substantial subset of cervical cancer, while rarely in
CIN3, and not in lower grade CIN nor normal cervix.
Our data support that PIK3CA mutations represent a
late event during cervical carcinogenesis.

Acknowledgements

The authors thank Marije Doeleman and Marjolein
Bekker-Lettink for excellent technical assistance with
the TSACP-MiSeq-NGS experiments and HRM-
sequencing. The authors would like to thank Saskia
Wilting and Mariska Bierkens for providing them with
DNA specimens. This study was sponsored by the
European Research Council (ERC advanced 2012-
AdG, proposal 322986; Mass-Care).

Author contributions

DAMH, RDMS, PJFS and CJLMM designed the
study. WV and DAMH drafted the original manu-
script. WV, MIHvM and DS performed experiments
and data analysis. BY and DS facilitated TSACP-
MiSeq-NGS analyses and bioinformatics pipeline.
CJLMM, MB and LR performed histopathological
evaluations. All authors reviewed the manuscript and
approved the final version.

References

1. Steenbergen RD, Snijders PJ, Heideman DA, et al. Clinical
implications of (epi)genetic changes in HPV-induced cervical
precancerous lesions. Nat Rev Cancer 2014; 14: 395-405.

2. Thomas LK, Bermejo JL, Vinokurova S, et al. Chromosomal
gains and losses in human papillomavirus-associated neoplasia of
the lower genital tract - a systematic review and meta-analysis.
Eur J Cancer 2014; 50: 85-98.

3. Wright AA, Howitt BE, Myers AP, et al. Oncogenic mutations in cer-
vical cancer: genomic differences between adenocarcinomas and squa-
mous cell carcinomas of the cervix. Cancer 2013; 119: 3776-3783.

4. Ojesina AL Lichtenstein L, Freeman SS, et al. Landscape of genomic
alterations in cervical carcinomas. Nature 2014; 506: 371-375.

5. Cui B, Zheng B, Zhang X, et al. Mutation of PIK3CA: possible
risk factor for cervical carcinogenesis in older women. Int J
Oncol 2009; 34: 409-416.

J Path: Clin Res October 2015; 1: 207-211



Mutation profiling of CIN

© 2015 John Wiley and Sons Ltd and The Pathological Society of Great Britain and Ireland

Rashmi R, Deselm C, Helms C, et al. AKT inhibitors promote
cell death in cervical cancer through disruption of mTOR signal-
ing and glucose uptake. PLoS One 2014; 9: €92948.

Spaans VM, Trietsch MD, Crobach S, et al. Designing a high-
throughput somatic mutation profiling panel specifically for
gynaecological cancers. PLoS One 2014; 9: €93451.

Tornesello M, Annunziata C, Buonaguro L, et al. TP53 and
PIK3CA gene mutations in adenocarcinoma, squamous cell carci-
noma and high-grade intraepithelial neoplasia of the cervix.
J Transl Med 2014; 12: 255.

Hou MM, Liu X, Wheler J, et al. Targeted PI3K/AKT/mTOR
therapy for metastatic carcinomas of the cervix: a phase I clinical
experience. Oncotarget 2014; 5: 11168-11179.

Janku F, Wheler JJ, Westin SN, et al. PI3K/AKT/mTOR inhibi-
tors in patients with breast and gynecologic malignancies harbor-
ing PIK3CA mutations. J Clin Oncol 2012; 30: 777-782.

. Chung TK, Van HP, Chan PK, et al. Genomic aberrations in cer-

vical adenocarcinomas in Hong Kong Chinese women. /nt J Can-
cer 2015; 137: 776-783.

Bulkmans NW, Berkhof J, Rozendaal L, et a/. Human papilloma-
virus DNA testing for the detection of cervical intraepithelial
neoplasia grade 3 and cancer: 5-year follow-up of a randomised
controlled implementation trial. Lancet 2007; 370: 1764—1772.

. Bierkens M, Wilting SM, van Wieringen WN, et al. Chromo-

somal profiles of high-grade cervical intraepithelial neoplasia

14.

16.

17.

211

relate to duration of preceding high-risk human papillomavirus
infection. Int J Cancer 2012; 131: E579-E585.

Sie D, Snijders PJ, Meijer GA, et al. Performance of amplicon-
based next generation DNA sequencing for diagnostic gene muta-
tion profiling in oncopathology. Cell Oncol (Dordr) 2014; 37:
353-361.

. Bierkens M, Hesselink AT, Meijer CJ, et al. CADM1 and MAL

promoter methylation levels in hrHPV-positive cervical scrapes
increase proportional to degree and duration of underlying cervi-
cal disease. Int J Cancer 2013; 133: 1293-1299.

De Strooper LM, Meijer CJ, Berkhof J, et al. Methylation analy-
sis of the FAM19A4 gene in cervical scrapes is highly efficient
in detecting cervical carcinomas and advanced CIN2/3 lesions.
Cancer Prev Res (Phila) 2014; 7: 1251-1257.

Henderson S, Chakravarthy A, Su X, et al. APOBEC-mediated
cytosine deamination links PIK3CA helical domain mutations to
human papillomavirus-driven tumor development. Cell Rep 2014;
7: 1833-1841.

. Conticello SG. The AID/APOBEC family of nucleic acid muta-

tors. Genome Biol 2008; 9: 229.

. Warren CJ, Xu T, Guo K, et al. APOBEC3A functions as a restric-

tion factor of human papillomavirus. J Virol 2014; 89: 688—702.

. Whitehall VL, Rickman C, Bond CE, et al. Oncogenic PIK3CA

mutations in colorectal cancers and polyps. Int J Cancer 2012;
131: 813-820.

J Path: Clin Res October 2015; 1: 207-211



