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Abstract

Background and purpose: Currently, human papillomavirus (HPV) positivity represents a strong prognostic fac-
tor for both reduced risk of relapse and improved survival in patients with oropharyngeal squamous cell carcinoma
(OPSCQ). However, a subset of HPV-positive OPSCC patients still experience poor outcomes. Furthermore, HPV-
negative OPSCC patients, who have an even higher risk of relapse, are still lacking suitable prognostic biomarkers for
clinical outcome. Here, we evaluated the prognostic value of LINE-1 methylation level in OPSCC patients and further
addressed the relationship between LINE-1 methylation status and p53 protein expression as well as genome-wide/
gene-specific DNA methylation.

Results: In this study, DNA was extracted from 163 formalin-fixed paraffin-embedded tissue samples retrospectively
collected from stage Ill-IVB OPSCC patients managed with curative intent with up-front treatment. Quantitative
methylation-specific PCR revealed that LINE-1 hypomethylation was directly associated with poor prognosis (5-year
overall survival—OS: 28.1% for LINE-1 methylation < 35% vs. 69.1% for > 55%; p < 0.0001). When LINE-1 methylation
was dichotomized as < 55% versus > 55%, interaction with HPV16 emerged: compared with hypermethylated HPV16-
positive patients, subjects with hypomethylated HPV16-negative OPSCC reported an adjusted higher risk of death (HR
4.83,95% Cl 2.24-10.38) and progression (HR 4.54, 95% Cl 2.18-9.48). Tumor protein p53 (TP53) gene is often mutated
and overexpressed in HPV-negative OPSCC. Since p53 has been reported to repress LINE-1 promoter, we then ana-
lyzed the association between p53 protein expression and LINE-1 methylation levels. Following p53 immunohisto-
chemistry, results indicated that among HPV16-negative patients with p53 > 50%, LINE-1 methylation levels declined
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and remained stable at approximately 43%; any HPV16-positive patient reported p53 > 50%. Finally, DNA methylation
analysis demonstrated that genome-wide average methylation level at cytosine—phosphate—guanine sites was signif-
icantly lower in HPV16-negative OPSCC patients who relapsed within two years. The subsequent integrative analysis
of gene expression and DNA methylation identified 20 up-regulated/hypomethylated genes in relapsed patients, and
most of them contained LINE-1 elements in their promoter sequences.

Conclusions: Evaluation of the methylation level of LINE-1 may help in identifying the subset of OPSCC patients with
bad prognosis regardless of their HPV status. Aberrant LINE-1T hypomethylation might occur along with TP53 muta-

tions and lead to altered gene expression in OPSCC.
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Introduction
Changes in sexual habits have led to a steady increase in
the incidence of human papillomavirus (HPV)-driven
oropharyngeal squamous cell carcinoma (OPSCC) that
in most Western countries now exceeds the proportion
of tobacco- and alcohol-related counterparts [1]. Of note,
HPV16 represents the most common genotype (83%)
among HPV-positive OPSCC patients [2]. Hence, HPV16
is by far the most carcinogenic HPV type in OPSCC, as
most non-HPV16 oncogenic infections do not progress
to cancer [3]. Although HPV confers a substantial sur-
vival benefit to these malignancies [4], roughly 20% of all
patients with HPV-positive OPSCC develop recurrent
disease within 5 years after diagnosis [5-8]. Given the
considerable interest in identifying treatment de-esca-
lation strategies in this subset of OPSCC patients with a
more favorable prognosis [9], it is of paramount impor-
tance to identify biological predictors of atypical behav-
ior to avoid the administration of sub-optimal treatment.
Genes encoding for epigenetic regulators have been
frequently found mutated in several tumors, including
OPSCC [10]; hence, it is expected that epigenetic changes
may play an important role in OPSCC pathogenesis and
response to therapy. Consistently, HPV oncoproteins
have also been demonstrated to impact on the epige-
netic patterns by interacting with different epigenetic
regulators [11], thus affecting the chromatin landscape
of HPV-positive OPSCC cells. At present, DNA methyla-
tion represents one of the most investigated epigenetic
mechanisms along with histone modifications and non-
coding RNAs. DNA methylation consists of the addition
of a methyl group to the fifth carbon of cytosines resi-
dues within cytosine—phosphate—guanine (CpQ) sites. It
has been estimated that over 90% of these CpG sites are
located within DNA repetitive elements, particularly Alu
and LINE-1 [12]. LINE-1 is the most abundant repeti-
tive element in the genome, which in normal human
tissues is generally found heavily methylated. Since it
represents approximately 17% of the human genome,
LINE-1 has been widely accepted as a surrogate marker
of global DNA methylation [13]. In the last years, LINE-1

hypomethylation has been showed to be related to car-
cinogenesis and to the development of many tumor types
[14—17]. On these grounds, we previously observed a sig-
nificantly lower level of LINE-1 methylation in OPSCC
patients who relapsed within 2 years, thus indicating that
the overall level of genomic DNA methylation may have
an impact on the risk of early relapse in OPSCC [18].
Despite these findings, however, the prognostic impact
of LINE-1 methylation levels on OPSCC survival has not
been established.

Hypomethylation in the LINE-1 promoter region is
crucial for the transcriptional activation of LINE-1 ele-
ments, which results in retroelement transposition and
genomic instability, thus providing a setting for cancer
progression [19]. In the last years, it has become increas-
ingly clear that several transcription factors and chroma-
tin remodelers are involved in LINE-1 activation [20, 21].
Among these, a number of studies have suggested that
p53 protein might silence LINE-1 through regulating the
deposition of epigenetic marks within its promoter [22—
25], thus affecting its retrotransposon activity in tumor
cells. Notably, somatic mutations of the tumor suppres-
sor gene TP53 are one of the most frequent alterations in
head and neck squamous cell carcinoma (HNSCC) [26].
Besides mutations, p53 functions can also be disrupted
by the HPV E6 protein in HPV-positive patients [27]. At
present, it is largely unknown whether TP53 mutational
status and/or p53 expression pattern correlates with
LINE-1 methylation in OPSCC.

About 30% of the transcription start sites in the human
genome are associated with repetitive elements, par-
ticularly with LINE-1 subfamilies [28]; furthermore, fol-
lowing loss of methylation, LINE-1 was shown to act
as an alternative promoter for surrounding genes [29,
30]. Therefore, another aspect yet to be investigated is
how the OPSCC epigenome evolves in relapsed patients
respect to non-relapsed ones and whether the differen-
tially methylated regions between the two subgroups
map within LINE-1 elements.

Based on these premises, this study aimed to assess the
impact of LINE-1 methylation level on overall survival
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(OS) and progression-free survival (PES) in both HPV-
positive and HPV-negative OPSCC patients. In addition,
to better determine whether p53 expression might affect
LINE-1 methylation status in OPSCC, we evaluated the
correlation between p53 expression pattern and LINE-1
methylation levels. Finally, to shed initial light on the
mechanisms through which LINE1 methylation impacts
OPSCC outcome, differences in genome-wide/gene-
specific DNA methylation were investigated in a subset
of relapsed and not relapsed OPSCC patients and fur-
ther investigated for their potential regulation by LINE-1
elements.

Methods

Patients

The study enrolled 163 stage III-IVB OPSCC patients
managed with curative intent with up-front (chemo-)
radiotherapy or up-front surgery followed by adjuvant
(chemo-)radiotherapy, as previously described [18].
Patients have been treated between 2001 and 2019 at the
National Cancer Institute in Aviano, the “Santa Maria
degli Angeli” General Hospital in Pordenone, the “Ca’
Foncello” General Hospital in Treviso, and the University
Hospital in Modena. All tumors were centrally reclas-
sified according to the American Joint Committee on
Cancer 7th Edition. The study was approved by the local
Independent Ethic Committees (CRO-2019-13, 733/
AULSS2, 5/2020/0SS/AOUMO). Participants provided
written informed consent for inclusion in the study; 104
subjects overlapped with a previous study [18].

Immunohistochemical analysis of p53
For each patient, we retrieved a formalin-fixed paraffin-
embedded (FFPE) tissues representative of the OPSCC,
collected at the time of biopsy or surgical resection and
before starting any treatment, for a total of 163 neoplas-
tic samples. Serial 5-um-thick FFPE tumor sections were
then used for hematoxylin—eosin staining and immuno-
histochemistry (IHC) analysis. All stained sections were
microscopically evaluated by a pathologist unaware of
any clinical information (including follow-up or outcome
data), and only neoplastic lesions that contained at least
70% of neoplastic cells were included in the study.

p53 expression was evaluated by IHC (Agilent Tech-
nologies DAKO; Clone DO-7) in 89 patients, for whom
sufficient neoplastic sample was available. The extent of
staining was estimated to the nearest 10% level of posi-
tive tumor cells. The intensity of staining was recorded as
weak or strong. Strong expression in more than 50% of
cells or complete absence of stain was considered a p53
mutated pattern [31-35].
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Quantitation of HPV16 E6 DNA using real-time quantitative
PCR analysis

Genomic DNA was extracted from OPSCC FFPE tissues
using the FFPE RNA/DNA Purification Plus Kit (Nor-
gen), following the manufacturer’s protocol. SYBR green
quantitative HPV16-PCR was carried out as previously
reported [18].

Quantitative methylation-specific PCR analysis

for the methylation levels of LINE-1

Genomic DNA was obtained from OPSCC FFPE tissues
in quantities sufficient for bisulfite treatment. Bisulfite
conversion was carried out on 500 ng genomic DNA
using EZ DNA Methylation-Gold™ Kit (Zymo Research),
according to the manufacturer’s protocol. SYBR Green
quantitative methylation-specific PCR (qMSP) was per-
formed as previously reported [18].

Genome-wide DNA methylation analysis

DNA methylation analysis was performed by Genomix-
4Life S.R.L. (Baronissi, Salerno, Italy). To assess the qual-
ity of DNA isolated by FFPE samples, Illumina FFPE QC
kit (Illumina, San Diego, CA, USA) was used. Only 10
FFPE DNA samples were considered eligible for restora-
tion using the Infinium HD FFPE Restore Kit (Illumina,
San Diego, CA, USA). Restored DNA was bisulfite con-
verted using EZ DNA methylation kit (Zymo Research).
For each sample, 250 ng of bisulfite converted DNA was
used for analysis of whole-genome methylation using
MethylationEPIC BeadChip (Illumina, San Diego, CA,
USA), which contains 850,000 probes. In brief, bisulfite-
converted DNA was whole-genome amplified for 20 h
followed by end-point fragmentation. Fragmented
DNA was precipitated, denaturated, and hybridized to
the BeadChips for 20 h at 48 °C. The BeadChips were
washed, and the hybridized primers were extended and
labeled before scanning the BeadChips using the Illumina
iScan system. GenomeStudio software was used for the
extraction of DNA methylation signals from scanned
arrays.

RNA extraction and transcriptome profiling

RNA isolations were performed from 5 FFPE samples
using the FFPE RNA/DNA Purification Plus Kit (Nor-
gen). Nucleic acids were quantified with Qubit 2.0 fluor-
imeter using Qubit RNA HS assay kit (Termo Fisher
Scientifc, USA), and the assessment of nucleic acids
integrity (RNA Integrity Number) was performed with
Agilent 4150 TapeStation System (Agilent Technolo-
gies, USA). Only 5 samples passed the qualitative and
quantitative checks required by the Illumina library pro-
tocol. Libraries preparation for transcriptome analysis
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was performed employing the TruSeq RNA Exome kit
(Cat.20020189, Illumina) for FFPE samples starting from
200 ng of RNA as input materials, respectively, according
to manufacturers’protocols; 5 libraries were sequenced
on NextSeq 500 (Illumina) using 2 x 75pb paired end.

Bioinformatics analysis

EPIC methylation array was performed using ChAMP
[33]. Only CpG with a detection p<0.01 was consid-
ered for further analysis. The analysis was performed by
comparing patients who relapsed within 2 years from
the end of treatment with those who did not, and only
the CpG associated with a p<0.05 and DeltaBeta (DB)
cutoff set to the first quartile value (|DB|>0.15) of DB
distribution were considered differentially methylated.
Genomic annotation of CpGs was performed using
the information available in Infinjum MethylationE-
PIC v1.0 B5 Manifest file. In detail, transcriptional start
site (TSS)200 refers to CpGs between 0 and 200 bases
upstream of the TSS; TSS1500 refers to CpGs between
200 and 1500 bases upstream of the TSS; 5’UTR refers to
those GpGs within the 5’ untranslated region, between
the TSS and the ATG start site; gene body refers to CpGs
between the ATG and stop codon, regardless of the pres-
ence of introns and exons. Promoter region includes
TSS1500, TSS200, 5’UTR, and 1st exon regions. Annota-
tion of LINE on selected genes was performed using the
Genome Browser track “Repeating Elements by Repeat-
Masker” [34]. Functional analysis on potentially up- and
down-regulated genes was performed using IPA (Ingenu-
ity Pathway Analysis, Qiagen). Only molecular functions
with a p <0.05 were considered.

RNA-Seq data analysis was performed as previously
described [35]. In detail, quality control of sequenced
reads has been performed using FASTQC (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/),
while adapter sequences were removed using Trim-
momatic [36]. Alignment was performed on human
genome (assembly hg38) considering GenCode Release
41 (GRCh38.p13) with STAR v2.7.10a [37], setting the
default parameters. Quantification of expressed tran-
scripts was performed using FeatureCounts [38] and
differentially expressed transcripts were identified
using DESeq2 [39]. Differential expression was per-
formed on relapsed vs relapse-free OPSCC patients.
Differentially expressed transcripts were reported as
|Fold-Change|(FC) > 1.5 along with associated adjusted
p <0.05, computed according to Benjamini-Hochberg.

Statistical methods

Distribution of patients according to sociodemographic
and clinical characteristics was reported as abso-
lute number and corresponding percentage. LINE-1
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methylation was reported as median value with inter-
quartile range (IQR). Differences between strata were
evaluated through Kruskal-Wallis test. Further, to eval-
uate associations between LINE-1 methylation, HPV
status, and p53 expression, the analysis of variance was
conducted, with post hoc Tukey test.

LINE-1 methylation was then categorized in three
levels (<35%, 35—54%, and > 55%) using a recursive pro-
cedure which identifies the cutoffs which maximize the
difference in OS. The optimal cutoffs were in agreement
with previous findings [18]. For each patient, the time at
risk was calculated from date of elective treatment com-
pletion to the event of interest or last follow-up, which-
ever came first. The event of interest was death (any
cause) for OS and death or locoregional/distant recur-
rence for PFS. The Kaplan—Meier method was used to
generate crude survival probabilities, and the log-rank
test was used to assess the difference in time to event
according to LINE-1 methylation level and HPV16 status
[36]. To account for potential confounders, hazard ratios
(HRs) and the corresponding 95% confidence intervals
(CIs) were calculated using Cox proportional hazards
models [36], adjusting for gender and age, plus covariates
significantly associated with OS in the univariate analysis
(i.e., T stage, N stage, and HPV16 status).

Results

Prognostic impact of LINE-1 methylation

Table 1 shows the median LINE-1 expression according
to sociodemographic and clinical characteristics in 163
OPSCC patients. Majority of the patients were males
(71.8%), with TNM stage IVA-B (76.7%) and HPV16-
negative (67.5%); 90 patients (55.2%) underwent surgery.
LINE-1 expression was lower in patients aged > 70 years
than younger ones (p=0.0249) and in HPV16-negative
than in HPV16-positive patients (p<0.0001). LINE-1
methylation level was directly associated with progno-
sis, with survival rates decreasing with LINE-1 hypo-
methylation (Fig. 1). In detail, patients with LINE-1
methylation > 55% reported a 5-year OS of 69.1% com-
pared to 45.5% for LINE-1 methylation between 35 and
54%, and to 28.1% for LINE-1 methylation < 35% (Fig. 1a,
p<0.0001). Similarly, 5-year PFS probabilities were
64.4%, 43.7%, and 20.8%, for LINE-1 methylation > 55%,
between 35 and 54%, and<35%, respectively (Fig. 1b,
p<0.0001). Multivariate analyses confirmed that patients
with LINE-1<35% had a worse prognosis than those
with LINE-1>55% (Table 2), with a HR of 2.76 (95% CI
1.48-5.12) for death and of 2.39 (95% CI 1.35-4.24) for
progression/death. Interestingly, excess risk in patients
with LINE-1<35% remained significant after adjustment
for HPV16 status. Patients with LINE-1 35-54% were at
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Table 1 LINE-1 methylation in 163 patients with stage
l-IV oropharyngeal squamous cell carcinoma according to
sociodemographic and clinical characteristics

Patients LINE-1 (%)
N (%) Median (Q1-Q3)
Sex
Man 17 (71.8) 53.7 (38.5-72.7) p=0.8192
Woman 46 (28.2) 55.8 (38.1-70.6)
Age (years)
<60 40 (24.5) 59.6 (38.6-75.3) p=0.0249
60-69 57 (35.0) 61.3 (42.2-73.0)
>70 66 (40.5) 47.8 (24.1-59.3)
T stage®
T 24 (14.7) 70.0 (44.8-77.8) p=0.1137
T2 51 (31.3) 61.8 (41.0-75.5)
T3 57 (35.0) 51.0 (30.2-65.0)
T4 31 (19.0) 534 (38.6-75.3)
N stage®
NO 17 (10.4) 51.0 (20.0-66.2) p=0.2205
N1 28 (17.2) 50.0 (34.2-744)
N2 105 (64.4) 59.7 (41.9-73.0)
N3 13 8.0) 52.2 (30.3-69.5)
Stage®
Il 38 (23.3) 489 (27.1-70.1) p=0.1475
% 125 (76.7) 58.2 (41.0-72.7)
HPV-status
Negative 110 (67.5) 50.1 (30.3-66.2) p<0.0001 o
Positive 46 (28.2) 71.2 (58.6-78.2)
Unknown 7 (4.3) 46.1 (29.5-51.1)
Surgery
No 73 (44.8) 586 (42.1-77.2) p=0.1144
Yes 90 (55.2) 52.5(37.9-70.1)

2TNM staging according to the American Joint Committee on Cancer 7th
Edition.

b Excluding missing values

increased risk of both death and progression/death, but
the HRs were no longer statistically significant.

Association of LINE-1 methylation levels with HPV16 status

Potential interaction between HPV16 status and LINE-1
methylation levels was further investigated, dichoto-
mizing LINE-1 as<55% versus>55%. HPV16-positive
patients with LINE-1>55% showed the best 5-year OS
(85.3%—Fig. 2a) and PFS (82.9%—Fig. 2b) in contrast
with HPV16-negative patients with LINE-1<55% who
reported the worst prognosis (32.2% and 27.8%, respec-
tively). Interestingly, HPVI16-positive patients with
LINE-1<55% reported similar overall survival as HPV16-
negative patients with LINE-1 > 55%. These findings were
confirmed by multivariable analyses (Additional file 1:
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Table S1), which showed a significantly increased risk of
death or progression in HPV16-negative patients with
LINE-1<55% compared to HPV16-positive patients with
LINE-1>55% (HR for death: 4.83, 95% CI 2.24-10.38;
HR for death/progression: 4.54, 95% CI 2.18-9.48).

Association of LINE-1 methylation levels with p53 expression
Since p53 might control LINE-1 methylation, we then
analyzed the association between p53 expression sta-
tus and LINE-1 methylation levels in a sub-group of 89
patients (Additional file 2: Table S2). To this end, p53
expression pattern was categorized into three groups
according to the overall intensity of nuclear staining
of tumor cells and the extent of stained cells (i.e., 0%,
1-49%, >50%). Figure 3 shows mean LINE-1 methyla-
tion according to p53 expression and HPV16 status. For
p53 expression < 50%, LINE-1 methylation increased with
increasing p53 regardless of HPV16 status (p=0.0003).
Among HPV16-negative patients with p53>50%,
LINE-1 methylation levels declined and remained sta-
ble at approximately 43%. No HPV16-positive patients
reported p53 > 50%.

Identification of differentially methylated CpG sites

in relapsing patients

We recently reported a significant decrease in LINE-1
methylation in OPSCC patients who relapsed within
2 years from the end of treatment, especially in HPV16-
negative ones [18]. Therefore, the methylation levels
(beta-values) of CpG sites were analyzed in 5 HPV16-
negative OPSCC patients who relapsed within 2 years
and in 5 who did not, in order to investigate whether
the differentially methylated regions between the two
subgroups mapped within LINE-1 elements. Unfortu-
nately, the sample size was limited due to the amount of
genomic DNA required for the analysis (Additional file 2:
Table S2).

Results indicated that there were 58,064 CpG
(|]DB|>0.15 and p<0.05) with a difference in the meth-
ylation level between OPSCC patients who relapsed
compared to those who were relapse-free for at least
24 months after the treatment; in particular, 4500 CpG
sites were hypermethylated, whereas 53,564 were hypo-
methylated (Fig. 4a). Therefore, a significantly lower
content of CpG methylation could be found in relapsed
(median value=0.51) respect to relapse-free OPSCC
patients (median value=0.70) (Fig. 4b, Additional file 5:
Figure S1). Among the 58,064 differentially methylated
CpG, 38.3% overlapped with gene bodies, 39.0% were
intergenic, whereas 22.7% overlapped with gene promot-
ers (Fig. 4a, Additional file 3: Table S3). To identify DNA
methylation alterations within the promoter regions,
we focused on CpG sites located within the TSS1500,
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Fig. 1 Oncological outcomes according to level of LINE-1 methylation. Overall survival (@) and progression-free survival (b) were calculated through
the Kaplan-Meier method. LINE-1 methylation was categorized using a recursive procedure which maximizes the difference in OS

TSS200, 5° UTR, and first exon. A global hypometh-
ylation pattern was still observed since 12,036 of 17,819
CpGs were significantly hypomethylated in OPSCC
patients who relapsed within 2 years. To further explore
the biological roles of these CpGs, we performed gene
ontology (GO) enrichment analysis. Results indicated
that the most significantly enriched GO terms were
molecular functions of potential importance for cancer
development and progression, including cellular growth
and proliferation, cell-to-cell signaling and interaction,
cellular movement, and cell morphology (Fig. 4c). Nota-
bly, 3743 CpGs differentially methylated overlapped
with LINE-1 elements (3502 hypomethylated and 241
hypermethylated).

Correlation between CpG methylation and gene
expression

Aberrant DNA methylation patterns might contrib-
ute to differential survival through altered expression
of the respective genes. Hence, gene expression profile
was evaluated by RNA sequencing on 2 relapsed and 3
relapse-free HPV16-negative OPSCC patients, leading
to the identification of 367 differentially expressed genes,
of which 286 were down-regulated and 81 up-regulated
(JFC|=1.5 and adj-pval<0.05). Since it is generally
accepted that promoter methylation is associated with
decreased transcription of downstream genes and vice
versa, gene expression and DNA methylation profiles
were integrated to determine whether there were any
connections. Setting |[FC|> 1.5 and |Db|>0.15 as cutoff,

we identified 29 differentially expressed genes and 59
differentially methylated CpGs. We focused in particu-
lar on hypomethylated and up-regulated genes, thereby
identifying 20 genes (Fig. 5a, Additional file 4: Table S4),
most of which (16/20) overlapped with LINE-1 elements
(Additional file 6: Figure S2—Additional file 9: Figure
S5), with the exception of FLG2, MUC6, SLC10A5 and
SNORD114-31 (Additional file 10: Fig. S6). These results
suggest that LINE-1 hypomethylation might affect gene
expression in OPSCC. Notably, a high number of LINE-1
elements were found within PIK3C2G, which represented
one of the most hypomethylated and up-regulated genes
in patients who early relapsed. Since PIK3C2G hypo-
methylation has been recently found to predict tumor
relapse and shorter OS in ovarian cancer [37], the prog-
nostic roles of PIK3C2G CpG in HNSCC were explored
through the public database MethSurv (https://biit.cs.ut.
ee/methsurv/) [38]. Only PIK3C2G cg17881542 was pre-
sent in this dataset and, although the data were of bor-
derline significance (log-rank test, p =0.004; HR=0.77,
95% CI 0.59-1.01), we could observe that high methyla-
tion levels of cg17881542 were associated with favorable
prognosis in HNSCC (Fig. 5b).

Discussion

In the last years, accumulating evidence indicated that
loss of LINE-1 methylation is crucially involved in car-
cinogenesis; in fact, LINE-1 demethylation was found to
promote genomic and chromosomal instabilities [39] and
to activate the transcription of cancer-related genes as
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Table 2 Hazard ratio (HR) and corresponding 95% confidence interval (Cl) for progression-free survival and overall survival in 163

patients with stage lll-IV oropharyngeal squamous cell carcinoma

Patients Overall survival Progression-free survival
Events HR (95% CI)? HR (95% Cl)° Events HR (95% CI)? HR (95% Cl)®

Sex

Man 117 64 Reference Reference 69 Reference Reference

Woman 46 26 1.03 (0.64-1.63) 1.05 (0.65-1.70) 29 1.20 (0.77-1.87) 1.28 (0.81-2.02)
Age (years)

<60 40 20 Reference Reference 22 Reference Reference

60-69 57 26 1.00 (0.54-1.83) 1.06 (0.57-1.98) 31 1.11 (0.63-1.97) 1.18 (0.66-2.15)

>70 66 44 1.91(1.10-3.33) 147 (0.83-2.64) 45 1.80 (1.05-3.07) 1.54 (0.88-2.58)
T stage®

T1-T2 75 35 Reference Reference 37 Reference Reference

T3-T4 88 55 1.74 (1.13-2.69) 142 (0.89-2.25) 61 1.76 (1.16-2.68) 1.32(0.84-2.08)
N stage®

NO-N1 45 29 Reference Reference 30 Reference Reference

N2 105 51 0.79 (0.50-1.26) 1.20 (0.71-2.02) 58 0.86 (0.55-1.34) 1.13 (0.69-1.85)

N3 13 10 229(1.10-4.78) 2.87 (1.34-6.14) 10 2.29(1.10-4.73) 265 (1.26-5.59)
HPV-status

Negative 110 76 Reference Reference 82 Reference Reference

Positive 46 13 0.30 (0.16-0.54) 043 (0.23-0.81) 14 0.29 (0.16-0.51) 0.39 (0.21-0.72)
Surgery

No 73 40 Reference 43 Reference

Yes 90 50 1.17 (0.75-1.82) 55 1.08 (0.70-1.65)
LINE-1 methylation

>55% 80 34 Reference Reference 40 Reference Reference

35-54% 48 28 1.60 (0.96-2.67) 146 (0.85-2.49) 29 141 (0.86-2.31) 1.25 (0.75-2.07)

<35% 35 28 3.21(1.89-545) 2.76 (148-5.12) 29 3.19(1.92-5.30) 2.39(1.35-4.24)

2 Estimated from Cox proportional hazards model, adjusted for study center, sex, and age

b Further adjusted for T stage, N stage, HPV status, and LINE-1 methylation. TNM staging according to the American Joint Committee on Cancer 7th Edition

well [29, 30]. In addition, the epigenetic status of LINE-1
has been widely associated with patient outcomes in sev-
eral malignancies (for review see [14]). In this context,
we have recently demonstrated that LINE-1 methylation
levels were lower in OPSCC patients who relapsed within
24 months [18], thus indicating that the overall level of
genomic DNA methylation might have an impact on
early OPSCC relapse risk. Consistently, this study dem-
onstrated that hypomethylation of LINE-1 correlated
with significantly poorer PFS and OS in an expanded
retrospective cohort of 163 OPSCC patients. Although
stratified survival analyses highlighted the prognostic sig-
nificance of LINE-1 hypomethylation in OPSCC patients
irrespective of HPV16 status, the lowest level of LINE-1
element methylation was observed in HPV16-negative
tumors. Collectively, these results corroborate the find-
ing that LINE-1 hypomethylation may be an effective
biomarker to predict OPSCC survival and further sug-
gest that epigenetic changes could overall contribute to
OPSCC biology and could be partially responsible for the

biological and clinical differences between HPV16-pos-
itive and HPV16-negative OPSCC patients. Measuring
LINE-1 methylation levels at diagnosis may aid the clini-
cian to schedule the frequency of follow-up examination
and/or to choose the aggressiveness of treatment, espe-
cially in HPV-negative OPSCC patients. Importantly,
global hypomethylation could allow rapidly proliferating
and highly mutated tumors to escape immune reaction
and to become resistant to immunotherapy [40]. There-
fore, LINE-1 hypomethylation may also represent an
independent indicator of poor immunotherapy responses
in HPV-negative OPSCC tumors.

A recent study of de Carvalho et al. has shown that
HPV-negative OPSCC tumors usually have a high muta-
tion burden respect to HPV-positive ones [41]. In par-
ticular, TP53 mutations are frequently found in OPSCC
driven by alcohol and tobacco, whereas their presence
has been reported in only a small subset of HPV-related
OPSCC so far [42-46]. Unfortunately, in our study,
OPSCC patients were not investigated for 7P53 mutation
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Fig. 2 Oncological outcomes according to HPV16 status and level of LINE-1 methylation. Overall survival (a) and progression-free overall survival
(b) were calculated through the Kaplan-Meier method, stratifying patients according to HPV16 status and LINE-1 methylation level
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Fig. 3 LINE-1 methylation according to HVP16 status and p53
expression pattern. Mean LINE-1 methylation, and corresponding
95% confidence intervals, was reported for HPV16 status and level
of p53 expression. The independent association of HPV16 status and
p53 expression with LINE-1 methylation was evaluated through the
analysis of variance

by sequencing analysis. However, since the complete
absence of immunolabeling or IHC overexpression for
p53 (=50% positive cells) has been found to closely cor-
relate with the presence of TP53 mutations in several
tumor types [31-35], p53 protein expression, as deter-
mined by IHC, was used as surrogate for TP53 mutation
status. In fact, according to several studies, TP53 mis-
sense mutations resulted in nuclear accumulation and

p53 overexpression, whereas absence of p53 staining was
associated with nucleotide deletions or non-sense muta-
tions that resulted in protein truncation. On the other
hand, tumors with wild-type TP53 displayed intermedi-
ate immunolabeling patterns [31-35]. When we evalu-
ated the association between LINE-1 methylation status
and p53 expression, we observed that p53 absence or a
strong and diffuse pattern of p53 expression correlated
with lower LINE-1 methylation levels in HPV16-negative
OPSCC patients, whereas no p53 overexpression was
found in patients with HPV16 infection, which is consist-
ent with the mechanism of p53 degradation by HPV16
E6 [47]. Chromatin immunoprecipitation studies indi-
cated extensive p53 enrichment within LINE-1 promoter
region of the retrotransposon element LINE-1, thus sug-
gesting that p53 might directly bind and recruit a variety
of epigenetic regulators (i.e., DNA methyltransferases) in
order to silence retroelements [25]. Hence, it seems plau-
sible that aberrant LINE-1 hypomethylation may occur
along with TP53 mutations. Consistently, an increased
expression of the LINE-1 retrotransposable element
ORF1 protein has often been correlated with TP53 muta-
tions and aberrant p53 expression [23, 48, 49].

DNA methylation analysis demonstrated that genome-
wide average methylation level at CpGs was significantly
lower in OPSCC patients who relapsed within two years,
thus confirming the important role played by DNA
hypomethylation in OPSCC progression. Although the
sample size included was limited, our data suggested
that the methylation status of PIK3C2G gene might
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Fig. 5 Integrative analysis of gene expression and DNA methylation in HPV16-negative OPSCC patients. a Leftside: heatmap summarizing
expression data for the up-regulated genes in HPV16-negative OPSCC patients (P) who relapsed within 2 years from the end of treatment (P4, P9)
with those who did not (P19, P36, P74). Data are shown as normalized expression values in log2 and centered on the median value. Rightside:
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OPSCC patients. b Kaplan—-Meier estimates overall survival according to high- and low-methylation levels of the PIK3C2G cg17881542 in MethSurv

have particular relevance in OPSCC since it appeared
to be strictly associated with LINE-1 elements (Addi-
tional file 8: Figure S4). Notably, the protein encoded by
PIK3C2G represents a key extracellular signaling mol-
ecule participating in the PI3K/Akt signaling pathway.
Activation of this pathway has shown to contribute to the

development of resistance to chemotherapy and radio-
therapy in several cancers, including HNSCC [50]. Con-
sistently, HNSCC have shown mutations in more than
one PI3K pathway molecule, including PIK3C2G [51].
Of interest, by using GeneMANIA (https://genemania.
org/) [52], we found that PIK3C2G is co-expressed with


https://genemania.org/
https://genemania.org/

Casarotto et al. Clinical Epigenetics (2022) 14:171

GNG4 and NRXN1 (Additional file 11: Figure S7) which
were among the 20 hypomethylated/up-regulated genes,
and contained several LINE-1 elements within their
promoters as well. GNG4 is a member of the G-protein
family and, similar to PIK3C2G, has been closely associ-
ated with PI3K/Akt signaling pathway in HNSCC [53].
Although GNG4 has been reported to be hypermethyl-
ated and down-regulated in bladder cancer [54], breast
cancer [55], and glioblastoma [56], other studies have
shown that GNG4 expression was significantly up-regu-
lated in lung carcinoma [57], and colorectal cancer [58].
More interestingly, in a paper by You et al., GNG4 has
been listed as one of the up-regulated genes potentially
involved in radioresistance in HNSCC [53]. NRXNT1 rep-
resents a single-pass transmembrane protein and has
been recently described as a potential novel target for
antibody—drug conjugate therapy in small cell lung can-
cer [59]. Of note, NRXN1 was indicated as hypomethyl-
ated and overexpressed in HPV-positive HNSCC [60],
thus suggesting that the role of NRXN1 should be better
elucidated in the two OPSCC subtypes.

Despite these findings, our study has some limita-
tions. First, this study was carried out on a retrospective
cohort. Second, the detection of HPV in our samples was
restricted to HPV16, the most common high-risk sub-
type associated with OPSCC, whereas less common sub-
types (i.e., HPV18, HPV31, HPV33 and HPV52) were not
evaluated. However, although the clinical behavior and
pathogenesis of non-HPV16-OPSCC are less well known,
recent studies indicated that the survival benefit of HPV-
positivity might be mainly attributed to HPV16 geno-
type in OPSCC [61], whereas OS among non-HPV16
was even poorer than for HPV-negative HNSCC patients
[62]. Third, FFPE material was not sufficient to iden-
tify genetic alterations of the TP53 gene and to perform
genome-wide DNA methylation and RNA-seq analyses
in all OPSCC patients. Fourth, the formaldehyde-induced
DNA inter-strand crosslinks might interfere with bisulfite
conversion [63], which is a critical step for the quantita-
tive analysis of LINE-1 methylation. In fact, unconverted
cytosines, if present, would lead to possible bias in qMSP
analysis. Finally, since gqMSP assay covers a limited num-
ber of CpG sites within the promoter region, the clinical
value of the LINE-1 methylation status might be repre-
sentative only of the genomic location analyzed [64].

Conclusion

In conclusion, our results clearly indicated that LINE-1
hypomethylation was associated with poorer OS and
PES in OPSCC patients regardless of their HPV16 sta-
tus. Intriguingly, genome-wide methylation analysis sug-
gested that hypomethylation of LINE-1 elements might
promote the transcription of genes that are potentially
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involved in OPSCC. At present, a prospective study is
ongoing to validate the prognostic significance of LINE-1
methylation in a larger sample cohort of OPSCC patients.
Future research is also needed to elucidate whether p53
may affect retrotransposon activity in OPSCC cells and
to better understand whether LINE-1 activity plays a
direct role in OPSCC progression.
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