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Abstract: Cancer remains one of the main causes of human mortality despite significant progress in its
diagnostics and therapy achieved in the past decade. Massive hypomethylation of retrotransposons,
in particular LINE-1, is considered a hallmark of most malignant transformations as it results in the
reactivation of retroelements and subsequent genomic instability. Accumulating data on LINE-1
aberrant methylation in different tumor types indicates its significant role in cancer initiation and
progression. However, direct evidence that LINE-1 activation can be used as a cancer biomarker is
still limited. The objective of this review was to critically evaluate the published results regarding the
diagnostic/prognostic potential of the LINE-1 methylation status in cancer. Our analysis indicates that
LINE-1 hypomethylation is a promising candidate biomarker of cancer development, which, however,
needs validation in both clinical and laboratory studies to confirm its applicability to different cancer
types and/or stages. As LINE-1 is present in multiple cell-free copies in blood, it has advantages
over single-copy genes regarding perspectives of using its methylation status as an epigenetic cancer
biomarker for cell-free DNA liquid biopsy.
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1. Introduction

The fifth base, noncanonical 5-methyl-cytosine, was added to the four canonical ones by Rollin
Hotchkiss in 1948 [1]. This chemical modification occurs almost exclusively in the context of cytosine
base linked to guanosine, termed CpG. Genomes of vertebrates, which are methylated predominantly
at CpG sites, are CpG-deficient because 5-methyl-cytosine spontaneously deaminates to thymine [2,3].
The overall CpG-poor genomic landscape is, however, interspersed with loci showing elevated G + C
base composition, called CpG islands, which are usually unmethylated in the human genome [3].
There are about 30,000–45,000 CpG islands with an average length of 1–2 kb, which contain 60–70%
of G + C compared with 40% of that in the whole human genome [4]. CpG islands are frequently
associated with 5′-ends of genes. It has been suggested that approximately 70% of the annotated gene
promoters, including those of all house-keeping genes [5], are connected with CpG islands [6]. Strong
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correlation between CpG islands and the first coding exon [7], and between gene and CpG densities on
different chromosomes [4], was noticed for most chromosomes having 5–15 CpG islands per Mb.

Nowadays, it is widely accepted that DNA methylation has a profound effect on gene expression
through transcriptional regulation and is closely involved in numerous cellular processes such
as X-chromosome inactivation and imprinting, gene repression, control of cellular development
and differentiation, silencing of repetitive elements and maintenance of genome stability [8].
DNA methylation is a key mechanism for repression of transposons—mobile elements which occupy
about half of the human genome. Genome rearrangement, which is considered to promote evolution,
at the same time could be harmful for individual organisms, and DNA methylation might have been
developed as a defense mechanism against transposons as parasites that threaten functional integrity
of the genome [9].

Epigenetic modification of DNA, in particular methylation of cytosine to 5-methylcytosine, is
acknowledged as an important mechanism underlying carcinogenesis [10–12]. Aberrant promoter
methylation is associated with altered expression of oncogenes and tumor suppressor genes.
Hypermethylation of CpG sites in the promoter region of onco-suppressor genes could modify the
spatial structure of chromatin, causing transcriptional repression. Different genomic hypomethylation
and hypermethylation patterns are characteristic for particular cancer types (the recent meta-analysis
is presented in [13]). These patterns could serve as diagnostic and prognostic biomarkers in various
analyses, including noninvasive tests such as liquid biopsy [14]. At the same time, global genome
hypomethylation observed in repetitive sequences and intergenic regions, is one of the hallmarks of
cancer cells [15], and is suggested to promote oncogenesis by increasing the mobility of transposons,
that leads to genomic instability [16–20].

2. LINE-1 Retrotransposons in the Human Genome

Repetitive sequences constitute approximately half of the human genome and are subdivided into
two groups: satellites, or tandem repeats, which represent repeated sequences of one or more nucleotides
adjacent to each other, and interspersed repeats, which are scattered throughout the genome [20].
The interspersed repeats are derived from transposable elements of two major types—DNA transposons
and retrotransposons. In turn, the latter are divided into those with and without long terminal repeats
(LTR and nonLTR retrotransposons, respectively) [21]. Most transpositional activity in the human
genome is executed by nonLTR retrotransposons, particularly long interspersed elements (LINEs),
among which LINE-1 (or L1) makes up about one-sixth of the genome. L1s are amplified to more
than 500,000 copies [4]. However, most of them are rendered inactive by 5′-truncations producing L1
elements of ~0.9 kb in average. Only about 80–100 L1 copies are full length (∼6 kb) and contain two open
reading frames (ORF1 and ORF2) flanked by 5′- and 3′-untranslated regions (UTRs). ORF1 encodes
an RNA-binding protein (ORF1p) and ORF2—a protein with endonuclease and reverse-transcriptase
activities (ORF2p) [20], which are responsible for L1 retrotransposition through the process termed
target primed reverse transcription [22]. In its 5′-UTR, L1 has an internal promoter for RNA polymerase
II, mapped to the +1–909-bp region, which also contains an antisense promoter for transcription of the
third open reading frame (ORF0) with unknown function [23]. The first 460-bp portion of the 5′-UTR
includes 29 CpG sites, which are heavily methylated in normal somatic cells [8,24].

As only a small number of L1s are full length and potentially active [25,26], these elements are
considered fossils from the genetic past and are often referred to as junk or parasitic DNA. However,
accumulating evidence suggests that L1s play an important role in various cellular processes, including
carcinogenesis. Although in many cases L1 transpositional activity or hypomethylation seem to
be a part of global cellular dysregulation associated with carcinogenesis [27], L1s can alter gene
expression or modify genomic structure in different ways. In particular, L1 insertions into exons
or introns can disrupt gene sequence and abolish gene expression [28–31]. Alternatively, insertions
into the regulatory region can activate gene expression leading to malignant transformation. For
example, L1 insertion into enhancer of suppression of tumorigenicity 18 (ST18) gene disrupts a



Cells 2020, 9, 2017 3 of 19

negative feedback loop and can play a role in the development of hepatocellular carcinoma [31].
It was also shown that homologous recombination between two L1 copies with similar sequences
could result in chromosomal rearrangements, including large inversions, duplications or chromosome
fusions [32,33], which, in turn, can affect gene expression. Recent investigation of nearly 3000
individual genomes from 38 histologically different cancer subtypes revealed multiple examples of
megabase-scale chromosomal deletions induced by L1 [34]. Such deletions can occasionally remove
tumor-suppressor genes (e.g., CDKN2A) or trigger the amplification of oncogenes (e.g., CCND1).
All these L1 activities can participate in the pathogenesis of many diseases, including cancer [35–38].
Thus, it was shown that in cancer cells, L1 retrotransposons could inactivate gene function through
insertional mutagenesis, aberrant splicing or DNA breaks, leading to genomic instability [39,40].
In tumor cells, somatic L1 insertions occur more often in intergenic or heterochromatic regions [41],
in cancer-specific hypomethylation areas [42] and in genes commonly mutated in cancer, indicating an
oncogenic nature of L1 transductions [39,42,43].

2.1. L1 Methylation in Cancer Diagnostics

The L1 methylation status is usually assessed by techniques based on chemical or enzymatic
conversion of cytosine residues to uracil (without affecting 5-methyl-cytosine) followed by sequence
analysis. Alternative methods can discriminate between methylated and unmethylated cytosines
directly without conversion. Figure 1 presents current approaches most widely used for L1 methylation
analysis, which are described in detail in several comprehensive reviews [44–46]. Quantitative
assessment of the L1 methylation level is performed based on the methylation index (MI) defined as
the ratio of methylated to the total number of CpG sites within a locus.
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Figure 1. Methods used for L1 methylation analysis in cancer. For further details, see: MSP (methylation
specific PCR, [47]), COBRA (combined bisulfite restriction analysis, [48]), MethyLight ([49]), MALDI
TOF (matrix-assisted laser desorption ionization–time of flight, [50]), MIRA (methylated-CpG island
recovery assay, [51]), and AQAMA (absolute quantitative assessment of methylated alleles, [52]).

The diagnostic and prognostic significance of L1 methylation in cancer is summarized in
Table 1. L1 hypomethylation is proposed to be an initiating factor in carcinogenesis because,
in some cancers, significant demethylation is observed in premalignant lesions before cancer
transformation. Barchitta et al. [53] conducted meta-analysis to determine the diagnostic value of tissue
L1 hypomethylation in cancer. The authors selected 19 unique articles describing 20 different cancer
types and several methods to detect L1 methylation; a total of 2554 cancer samples (1127 tissue and
1427 blood samples) and 3553 control samples (2811 from healthy subjects and 742 from tumor-adjacent
normal tissues) were analyzed. The results indicated that the overall L1 methylation level was 6.4%
lower in cancer tissues than in normal tissues. However, the inter-study heterogeneity was high and
the difference in methylation was confirmed significant for tissue but not for blood samples [53].
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Table 1. Diagnostic and prognostic significance of the L1 methylation status in cancer.

Cancer Type Methods Diagnostic Value (*) Prognostic Value Ref.

Breast cancer
Pyrosequencing Normal tissues—92%,

IBC tissues—86%

L1 hypomethylation was significantly associated with decreased OS (HR
2.19, 95% CI 1.17–4.09), decreased DFS (HR 2.05, 95% CI 1.14–3.67), and
increased DR (HR 2.83, 95 % CI 1.53–5.21) in younger (≤55 years) but not

in older patients (>55 years)

[54]

Pyrosequencing Normal tissues—64%,
IBC tissues—61% - [55]

Hepatocellular carcinoma

Bisulfite-specific PCR and DNA
sequencing analysis

Normal tissues—60%,
tumor tissues—34%

Patients with L1 hypomethylation had decreased median postresection
TFS (22 months [95% CI: 13.3–30.7]) and OS (35 months [95% CI:

24.0–46.1]) compared to those with L1 hypermethylation (40 and 60
months, respectively)

[56]

Pyrosequencing

Normal tissues—68%,
tumor tissues—48% - [57]

Normal tissues—57%,
tumor tissues—46% - [58]

Esophageal cell carcinoma Pyrosequencing

Normal tissues—82%, tumor
tissues—64% - [59]

Normal tissues—79%, tumor
tissues—63%

L1 methylation was significantly associated with DFS (univariate HR
2.32, 95% CI 1.38–3.84, methylation level [quartile] < 56%; multivariate

HR 1.81, 95% CI 1.06–3.05) and CSS (univariate HR 2.21, 95% CI
1.33–3.60; multivariate HR 1.87, 95% CI 1.12–3.08)

[60]

Quantitative real-time MSP Normal tissues—90%, tumor
tissues—78%

Cumulative survival was significantly shorter for ESCC patients with L1
methylation level ≤ 78% than for those with > 78% (34 vs. 43 months) [61]

Colorectal cancer

Pyrosequencing Normal tissues—77%, tumor
tissues—57% OS was significantly longer in patients with L1 methylation level ≥ 65% [62]

MSP-PCR, pyrosequencing after
assay validation -

L1 hypomethylation was significantly associated with higher
CRC-specific mortality (for 10% decrease in L1 methylation: HR 2.45,

95% CI 1.64–3.66)
[63]

MethyLight assay -
PFS, OS, and 5-year OPS were significantly shorter in patients with low
L1 methylation than in those with high L1 methylation (HR 1.00 vs. HR

2.74 [95% CI 1.19–6.29])
[64]

Quantitative PCR -
L1 hypomethylation was significantly associated with lower OS (HR 1.68,
95% CI 1.03–2.75); the association was stronger in patients > 65 years (HR

2.00, 95% CI 1.13–3.52)
[65]

Gastric and colon cancers Pyrosequencing

Colon: normal tissues—67%,
tumor tissues—61%

Gastric: normal tissues—66%,
tumor tissues—62%

- [66]

Gastric cancer Pyrosequencing Chronic gastritis—62%,
cancer—52%

L1 hypomethylation level (<51%) was significantly associated with
shorter DFS and OS [67]
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Table 1. Cont.

Cancer Type Methods Diagnostic Value (*) Prognostic Value Ref.

Lung cancer

Pyrosequencing
Normal tissues—74%, ADC

tissues—67%

Patients with low L1 methylation levels (19–69%) had significantly
higher recurrence rates and shorter DFS compared to those with high

methylation levels (74–81%)
[68]

- L1 hypomethylation (<52%) was significantly associated with lower
survival rates in patients with ADC stage I [69]

Bisulfite-PCR, pyrosequencing
Normal tissues—70%, ADC

tissues—63%,
SCC tissues—38%

L1 hypomethylation (≤58%) was independently associated with poor
prognosis (p = 0.025) [70]

Oropharyngeal squamous cell
carcinoma Quantitative MSP-PCR -

L1 hypomethylation (<50% vs. ≥70%) was significantly associated
with higher risk of early disease relapse (OR = 3.51; 95% CI

1.03–12.00)
[71]

Abbreviations: IBC, invasive breast cancer; CRC, colorectal cancer; ESCC, esophageal squamous cell carcinoma; OS, overall survival; DFS, disease-free survival; DR, distant recurrence; TFS,
tumor-free survival; OPS, overall probability of survival; CSS, cancer-specific survival; PFS, progression-free survival; SCC, squamous cell carcinoma; ADC, adenocarcinoma. *—Diagnostic
value is considered according to L1 MI.
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Colorectal cancer (CRC) is one of the most studied cancer types regarding the L1 hypomethylation
status. L1 hypomethylation assessed by absolute quantitative analysis of methylated alleles (AQAMA)
was shown to be an early event in colon cancer progression. L1 MI was reported to be significantly
lower in adenoma samples than in normal colon mucosa and was suggested as a biomarker to
differentiate between adenoma and normal tissue [72]. There were significant differences in the L1
methylation level depending on CRC stage and prevalence, but no such differences were observed
between adenoma and carcinoma [73], indicating that L1 hypomethylation may potentially serve as a
biomarker for early-stage CRC before its transition from premalignant to malignant lesions. Detection
of precancerous adenoma formation is of great importance as it provides an opportunity for timely
surgical intervention in CRC, thus reducing the risk of fatal colon adenocarcinoma development and
improving patient survival [73] (Table 1).

L1 hypomethylation is also an early event in breast tissue transformation and has been observed
in atypical ductal hyperplasia and flat epithelial atypia. Similar to colon cancer, L1 methylation
was shown not to decrease significantly in the course of progression from the hyperplastic to breast
carcinoma state [55]. However, another study indicated that methylation levels in normal tissues
and tissues with atypical ductal hyperplasia were comparable, and significant changes were detected
only in ductal carcinoma in situ and AJCC (American Joint Committee on Cancer) stage I breast
cancer [54]. Nevertheless, both studies reveal that the L1 methylation status is associated with breast
cancer, suggesting its potential as a companion diagnostic marker.

Esophageal cancer is among the top 10 most fatal cancers, with a 5-year survival rate of 43% [74].
Early diagnosis of esophageal cancer improves 5-year survival, highlighting the importance of
establishing a reliable diagnostic biomarker. Unfortunately, the sensitivity of endoscopy screening
for esophageal cancer is poor, as up to 40% patients with surgically proven invasive disease showed
negative endoscopy results [74]. Currently, there are no good diagnostic markers for esophageal
cancer, and proposed indicators such as expression of proinflammatory COX2 and NF-κB do not show
sufficient specificity [74]. Several studies have reported L1 hypomethylation in esophageal squamous
cell carcinoma (ESCC). Shigaki et al. [59] revealed significant correlation between smoking history and
hypomethylation in noncancerous esophageal mucosa of 109 patients with ESCC, suggesting possible
involvement of L1 in the pathogenesis of esophageal cancer due to environmental factors. By using
combined bisulfite restriction analysis (COBRA), Chalitchagorn et al. [75] found that in ESCC, the L1
hypomethylation level ranged from 23 to 50%, which is on average 10% lower than that in normal
esophageal tissue. Zhu et al. [57] also detected L1 hypomethylation in 310 ESCC cases using real-time
methylation-specific PCR, further confirming a significant decrease of L1 methylation in esophageal
cancer compared to nontumor tissue (Table 1).

L1 methylation status has also been studied in prostate and ovarian cancers, albeit to a lesser
extent than for the cancer types discussed above. Using methylation-sensitive restriction enzyme
digestion of tissue-isolated DNA and an L1-specific 32P-labeled probe, Schulz et al. [76] found that
31% (17/55) of prostate carcinomas had more than a 10% decrease in L1 methylation compared to
normal tissue, which was correlated with chromosome 8 instability, indicating the diagnostic potential
of a combination of epigenetic and genetic markers in prostate cancer. The hypomethylated status of
L1 in prostate cancer has been further confirmed by Santourlidis et al. [77], who observed it in 53%
(17/32) of prostate cancer samples analyzed by semiquantitative PCR. L1 hypomethylation has also
been reported as an early event in the initiation of ovarian cancer. Thus, Pattamadilok et al. [78] used
COBRA to assess L1 methylation and showed that it was lower in epithelial ovarian cancer tissues
than in normal ovarian tissues (34.9% vs. 46.9%; p < 0.001).

However, to date there is no unified opinion on the clinical significance of the L1 methylation
status in cancer diagnostics, which could be attributed to the lack of a standard approach to estimate
L1 methylation, as well as to differences in sample size and homogeneity among the studies. Adequate
representation of patient subgroups according to clinical and morphological characteristics and
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universal detection protocols are necessary requirements to conduct a validation study in order to
confirm the reliability of L1 methylation as a cancer diagnostic biomarker.

2.2. L1 Methylation in Cancer Prognosis

Hypomethylation of L1 has also been shown to correlate with prognosis for many cancer types
(Table 1). Thus, CRC prognosis has been significantly associated with L1 hypomethylation as well as
with the global methylation status [62–64,79]. Ogino et al. [79] examined the levels of L1 methylation
in 643 colon cancer samples at different disease stages using pyrosequencing, and found that L1
hypomethylation was linearly associated with poorer prognosis: a 30% decrease in L1 methylation
corresponded to colon cancer-specific mortality (hazard ratio [HR] 2.37) and overall mortality (HR 1.85).
The same correlation was reported in a more recent study of Kaneko et al. [64], who evaluated L1
methylation in metastatic and recurrent tumors from 40 patients with CRC using a MethyLight
assay. In line with these observations, Swets et al. [65] reported a significant correlation between L1
hypomethylation and overall survival of patients with colon cancer. However, unlike colon cancer,
rectal cancer showed low rates of microsatellite instability-driven tumors and, therefore, was suggested
to be less prone to L1 activation as an initiating event in tumorigenesis.

The risk of developing aggressive hepatocellular carcinoma has also been linked to L1
hypomethylation. Zhu et al. [57] used pyrosequencing to demonstrate that hypomethylation of
three specific CpG sites in the L1 5′-UTR was strongly associated with poor prognosis, advanced stage,
and the risk of metastasis and vascular invasion. They also found that activation of the proto-oncogene
c-Met, a high-affinity receptor for hepatocyte growth factor and a critical element in the growth and
metastasis of hepatic tumors, was associated with hypomethylation of L1 inserted upstream of the
MET gene. Similarly, Gao et al. [56] reported correlation between poor prognosis in patients with
hepatocellular carcinoma and hypomethylation of another two L1 5′-UTR sites analyzed by using
bisulfite-specific PCR and DNA sequencing.

The association of L1 hypomethylation with poor prognosis has been observed for esophageal, breast,
bladder and lung cancers [54,55,59,60,68,80]. Thus, it was found that decreased L1 methylation was
indicative of early progression from metaplasia to adenoma in gastric cancer, where methylation
levels < 51% were significantly correlated with decreased overall and disease-free survival [62].
L1 hypomethylation in breast cancer was reported to indicate disease progression [55], particularly for
primary tumors [54]. In a study of 310 patients with ESCC, lower L1 methylation was detected in cancer
compared to normal tissues and was associated with poorer prognosis: for patients with a total MI of
<78%, mean overall survival was 34 months, whereas for those with an MI of >78% it was 43 months [61].

Although these data support the hypothesis that L1 hypomethylation is a prognostic marker in
cancer, contradictory results have been reported in the literature, which could be due to a low number
of patients examined. Another important reason to interpret the data on L1 methylation with caution
is that in many cancers, hypomethylation of L1 may serve as a surrogate indicator of activation of other
cancer-related genes involved in tumorigenesis, which represents a major disadvantage of using L1
hypomethylation as a biomarker in cancer prognosis, as well as diagnosis.

3. Circulating DNA as a Source of Cancer Biomarkers

Biopsy tissue samples are a standard source of material for tumor molecular analysis used to
confirm diagnosis, detect cancer-specific mutations and classify tumor types, as well as to guide
therapeutic interventions [81]. However, tissue biopsy is an invasive and often challenging procedure.
Furthermore, it sometimes does not provide enough material to perform several molecular tests
required for making a reliable diagnosis. Another issue is spatial and temporal tumor heterogeneity,
which decreases the practical utility of biopsy as a tool to monitor cancer progression and evaluate
response to therapy [82].

Tumors shed multiple components into the bloodstream that travel throughout the body, including
cancer cells and their DNA, RNA, proteins and exosomes, which can be used as blood-circulating
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tumor biomarkers that would provide similar information to tissue biopsy, pinpoint the primary
site of cancer origin, and be instrumental in routine monitoring of cancer progression or therapeutic
efficacy [83]. Furthermore, liquid biopsies are less invasive and expensive, and can be collected at
different time points during the course of treatment [82,84].

Circulating cell-free DNA (cfDNA) isolated from blood of cancer patients contains fragments shed
by tumor cells, which can be used to assess the molecular profile of cancer [85,86]. Recently, the cell
surface-bound fraction of circulating DNA (csb-cirDNA) has been proposed as an additional source of
cfDNA [87]. Tumor cells shed mutated DNA, also known as tumor cirDNA, which is now regarded as
a highly specific prognostic marker for some cancers [88].

Analysis of aberrantly methylated sequences in circulating cfDNA is one of the most promising
approaches for establishing a convenient and effective diagnostic system [89]. Aberrantly methylated
cfDNA fragments can be detected in blood by PCR, regardless of tumor localization, and have been
reported for all tumor types and development stages [90,91]. However, despite all the benefits, only one
cancer targeted diagnostic system, the Epi proColon test (Epigenomics AG, Berlin, Germany), which is
based on the detection of a methylated Septin 9 gene in cfDNA, has received approval for commercial
use from the FDA. Another FDA-approved product from the same company, Epi proLung test, is based
on the detection of methylated SHOX2 and PTGER4 genes in bronchial flushes, where DNA at least
partially originates from lung tissues. This indicates that a number of challenges should be overcome
for the novel cfDNA-based tests development and implementation into clinical practice.

Currently, the principal targets of blood cfDNA analysis are hypermethylated tumor suppressor
genes. However, they are usually single-copied, which makes it challenging to detect their
methylated alleles contained in the bloodstream in very low amounts (typically a few nanograms
per milliliter) [92,93]. Therefore, analysis of the methylation status of mobile genomic elements,
in particular L1s, which are abundantly present in the human genome, is a promising approach aimed
to improve sensitivity of the methylation-specific based test [94].

3.1. Methylation of Circulating L1 in the Healthy State

It is considered that hypomethylation (demethylation) and related chromosomal instability are
associated with age and age-related pathologies. However, studies that investigated the link between
DNA methylation and aging did not produce conclusive results. Thus, El-Maarri et al. [95] showed
that aging did not affect L1 methylation in peripheral blood cells, whereas Bollati et al. [96] found
weak association of L1 methylation with aging in blood cells. However, the cohorts of the two
studies significantly differed in age (18–64 years vs. 55–92 years, respectively), which may account for
inconsistent results. Another factor may be the use of blood cell DNA for L1 methylation analysis.
In blood, cellular DNA originates from short-living leukocytes (neutrophils, lymphocytes, monocytes,
eosinophils and basophiles) [95], which show stable methylation of repetitive DNA elements in
individuals of 20–61 years old in whom these cell populations are rapidly renewed [97]. In contrast
to blood cells, neuronal cells accumulate changes in L1 methylation in course of aging. L1 activity
caused by derepression, including hypomethylation, has been found to be characteristic for the aging
brain and to be associated with age-dependent neurological disorders [98]. In blood, cfDNA rather
than cellular DNA could be a better object for methylation analysis because cfDNA is released from
apoptotic and necrotic cells and, as such, represents a more reliable source of biomarkers for aging.
Indeed, it has been shown that L1 hypomethylation in cfDNA, but not cellular DNA, from peripheral
blood is associated with human age [95,97].

Therefore, it could be suggested that genome-wide hypomethylation occurs in an age-dependent
fashion in many types of cells from various organs, which could lead to retrotransposon activation,
induction of genomic instability [99], aberrant transcription patterns [100] and increase in cell
apoptosis [101]. On the other hand, the opposite process, hypermethylation of certain promoter regions
including those of tumor suppressor genes, can occur during aging and result in the development of
various pathologies [102].
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Methylation of retrotransposable elements can also be deregulated by lifestyle factors such as
smoking. It was shown that L1 hypomethylation in esophageal and oral mucosae was significantly
associated with tobacco use [59,103] and was increased in respiratory epithelium exposed to cigarette
smoke [104]. Harmful components of smoke, e.g., nicotine, induce apoptosis in various types of
cells [105], which can release hypomethylated cfDNA into circulation as evidenced by detection of
hypomethylated L1 and Alu retrotransposable elements in cfDNA of smokers [97]. These findings
suggest that the degree of cfDNA demethylation could be a surrogate indicator of smoking-induced
adverse effects on human health, which may be used for monitoring health improvement after quitting
smoking. It should be noted that using the cfDNA methylation status alone as a marker is not sufficient
to identify the damaged tissue, but it can generally mirror the pathological or age-associated changes
in the organism.

Thus, L1 hypomethylation in cfDNA can be used as one of the nonspecific indicators of human
age and/or health status.

3.2. Perspectives of Using Aberrantly Methylated Circulating L1 for Cancer Diagnostics and Prognosis

In CRC diagnosis, colonoscopy is the gold standard showing over 90% sensitivity and
specificity [106]. However, most patients are reluctant to undergo the procedure because of its
invasive nature and possible morbid complications such as bowel perforation. The fecal occult blood
test (FOBT) is the most frequently used noninvasive diagnostic modality in CRC screening, but it has
serious limitations such as relatively low sensitivity for early-stage or proximal colon cancer [107,108].
Moreover, the adherence rate to the CRC screening program based on FOBT and colonoscopy remains
low (about 50%) [109,110], and it is reported that many people who avoid FOBT prefer a simple
blood-based test instead [111]. Currently, the most frequently used blood biomarker for CRC screening
is carcinoembryonic antigen (CEA), although it is considered to be insufficient for reliable CRC
diagnosis. In a recent study, Nagai et al. [112] suggested using the L1 MI measured by AQAMA in
cfDNA (see Figure 2 and Table 2 for details) as an alternative biomarker for CRC blood-based detection.
The authors found that L1 MI was significantly higher in patients with both early (I/II) and advanced
(III/IV) CRC stages compared to healthy donors, and showed that L1 MI surpassed CEA in the detection
of early-stage CRC and had a similar sensitivity for advanced-stage CRC. It should be mentioned
that there was no difference in the MI of L1 between CRC stages, which is in contrast with the results
obtained in tissue samples, indicating that L1 hypomethylation occurs at a very early stage of CRC
development [72]. However, several studies have reported that the L1 hypomethylation status in CRC
tissues is independent of cancer stage [62,79,113,114] and is believed to remain relatively stable during
CRC progression [35], which may partially explain the absence of difference in L1 methylation between
cfDNA from patients with early-stage and advanced CRC. On the other hand, patients with CRC of
a very advanced stage (N ≥ 2 and M1), and with a large tumor size (≥6.0 cm), showed significantly
decreased L1 MI in cfDNA compared to other patients. These results suggest a principal possibility of
using methylation of cfDNA-derived L1 as an additional noninvasive biomarker which, in combination
with other biomarkers such as FOBT and CEA, can indicate an increase or a decrease of likelihood for
advanced CRC and/or distant metastasis.
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Figure 2. Hypomethylation of the L1 promoter region in cfDNA of different cancer types. Top, schematic
structure of the L1 retroelement: TSD, target site duplication; 5′-UTR and 3′-UTR, 5′- and 3′-untranslated
regions, respectively; ORF1 and ORF2, open reading frames 1 and 2, respectively; the magnified region
shows distribution of CpG sites in the L1 promoter. Bottom, CpG sites (red circles) in the L1 promoter
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evaluated in different cancer types: CRC, colorectal cancer [112]; LC1 [115] and LC2 [116–118],
lung cancer; DLBCL, diffuse large B cell lymphoma [119]; M, melanoma [120].

Global hypomethylation of L1 in cfDNA has been linked to disease progression in several
cancers. Wedge et al. [119] assessed the prognostic value of L1 methylation in diffuse large B cell
lymphoma by pyrosequencing of cellular DNA from 67 tumor biopsies and plasma cfDNA from
74 patients. The results support the concept of diagnostic utility of liquid biopsy, as they indicated that
global hypomethylation in cfDNA was a strong prognostic factor correlating with overall survival.
Potential limitation of the approach was also noted, as two of the nine patients for whom tumor
and blood samples were tested in parallel did not show hypomethylation in cfDNA. In one of them,
the discrepancy could be attributed to an early disease stage, when less tumor DNA is observed in
circulation [88]. Because of a small number of patients (n = 9) with both tumor and liquid biopsies
in this study, the sensitivity of cfDNA testing for global L1 hypomethylation could not be evaluated.
Further investigation in a large cohort of patients with matching tumor and blood biopsies is required.

In lung cancer, studies on L1 methylation in cfDNA are limited. In our recent work, we revealed a
significant difference in L1 promoter methylation of cell surface-bound csb-cirDNA between patients
with lung cancer and healthy donors (Table 2). L1 methylation was analyzed in patient blood before
treatment and at several stages of antitumor therapy (n = 16) using methylation-specific qPCR [117].
It was found that the dynamics of L1 methylation depended on the tumor histological type. Thus,
in squamous cell carcinoma, changes in the L1 MI were more pronounced after the completion of
treatment, whereas in adenocarcinoma, the most substantial change occurred at the first stage of
treatment (after chemotherapy). Importantly, changes in the L1 MI of csb-cirDNA depended on the
patient response to chemotherapy, indicating a close association between this serological marker and
the pathological process in lung cancer.

In another study, we used the methylated CpG island recovery assay (MIRA) to compare integral
methylation in L1 promoters of csb-cirDNA from patients with lung cancer (n = 59) and healthy
controls (n = 47) [115] (Table 2). The results revealed a significant difference in L1 promoter methylation
between cancer patients and healthy individuals; furthermore, hypomethylation was more pronounced
for the human-specific L1Hs family.

Comparison of L1 MI in patients with lung cancer (n = 23) and a joint control group comprising
healthy individuals and patients with bronchitis and chronic obstructive pulmonary disease (COPD)
(n = 47) showed a statistically significant decrease of L1 methylation in cancer samples [118]. There was
also a decreasing tendency for L1 MI in patients with lung cancer versus those with COPD
(Mann-Whitney U-test, p = 0.07). These data indicate that quantitative analysis of L1 methylation
in csb-cirDNA is valuable for discrimination of patients with lung cancer from those with chronic
inflammatory lung diseases.

Hoshimoto et al. [120] showed that serum levels of unmethylated L1 were higher in patients with
stage III-IV melanoma compared to healthy donors (Table 2) and suggested a significant diagnostic
potential of the L1 hypomethylation status in cfDNA in melanoma.

Figure 2 summarizes CpG sites investigated for methylation in the studies cited in Table 2.
Although these studies used different methods to target distinct CpGs within the L1 promoter region,
all of them demonstrated L1 hypomethylation in cfDNA in different cancer types. Summarizing these
results, one can assume that analysis of L1 methylation status in cfDNA could be either a universal
cancer marker or a marker of a number of cancer types. One of the limitations of cfDNA-based markers
is the inability to distinguish the damaged tissue which cfDNA originates from. However, cfDNA can
mirror the state of the body in general. Additional studies of L1 methylation status in cfDNA from
patients with different cancers and nonmalignant disorders are necessary to evaluate its significance
and reliability for clinical use. In addition, any novel blood-based cancer marker should be used with
caution and in combination with other biomarkers.
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Table 2. Methylation of circulating L1 in blood samples of cancer patients.

Tumor Location Clinical Samples Method Results Ref.

Colorectal
(patients before treatment) Plasma AQAMA qPCR

Significant decrease of L1 MI in cancer patients
compared with healthy subjects

Association of L1MI with disease progression
(advanced stage and distant metastasis)

[112]

Lung
(patients before treatment) Cell surface-bound fraction of blood MIRA

Significant decrease of L1 MI in cancer patients
compared with healthy subjects

Hypomethylation of L1 promoters in cancer
patients is more pronounced for the L1

human-specific (L1Hs) family

[115]

Lung
(patients before treatment and

after antitumor therapy)
Cell surface-bound fraction of blood qMSP PCR

Association of L1 MI with tumor histological type
Dynamic changes in L1 MI of csb-cirDNA during

the follow-up period
[117]

Lung
(patients before treatment)

Cell surface-bound fraction of
blood, plasma qMSP PCR Significant decrease of L1 MI in csb-cirDNA in

cancer patients compared with healthy subjects [116]

Lung
(patients before treatment)

Cell surface-bound fraction of
blood, plasma qMSP PCR

Decrease of L1 MI in cancer patients compared
with the joint control group (healthy subjects +
patients with bronchitis + COPD patients) and

with COPD patients

[118]

Diffuse large B cell lymphoma
(patients before treatment) Plasma Pyrosequencing Association of L1 hypomethylation with poor

overall survival [119]

Melanoma
(patients before treatment) Serum AQAMA qPCR Decrease of L1 methylation during disease

progression (advanced stage) [120]

Abbreviations: MIRA, methylated CpG island recovery assay; AQAMA, absolute quantitative assessment of methylated alleles; qMSP-PCR, quantitative methyl-specific PCR; L1 MI,
L1 methylation index; csb-cirDNA, cell surface-bound circulating DNA.
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4. Final Remarks

Cancer is one of the main causes of human mortality despite the significant therapeutic progress
achieved in the past decade. CfDNA from blood plasma is an established marker of processes
characteristic for malignant cells and their microenvironment [121–123]. Therefore, the use of cfDNA
(liquid biopsy) for early cancer detection, therapy monitoring and relapse prediction is under intensive
investigation as a noninvasive method that, in particular, can detect localization of metastases. However,
the potential of liquid biopsy is limited by the low concentration of tumor DNA in the circulation,
which is translated into insufficient sensitivity and complicated wet-lab and computational procedures.
As a result, the only cfDNA-based test for colon cancer diagnostics currently approved by the FDA for
clinical use is Epi proColon (Epigenomics AG, Germany).

Massive hypomethylation of retroelements, in particular L1s, is considered a universal hallmark
accompanying many malignant transformations, including gastrointestinal, breast and lung cancers
(Figure 3). L1 methylation levels in cancer have been extensively studied as potential epigenetic
markers for diagnostic and prognostic purposes. In 2019 the Pangea Laboratory issued the Bladder
CARE™ test, which is a urine assay for bladder cancer detection based on the combination of hyper- and
hypomethylation of a three-gene panel, SOX1, IRAK3, and L1 [124]. Analysis of L1 hypomethylation
in cfDNA is a very promising approach to circumvent the limitations of the liquid biopsy mentioned
above, because cancer cells can release multiple L1 copies so that the concentration of transposon DNA
in blood is significantly higher than that of single-copy genes. However, L1 methylation in cfDNA
is poorly studied compared to that in tumor tissues, and has been described for only four cancer
types [112,117,119,120]. Although these pioneering works showed very interesting results, further
efforts are needed to address critical limitations of research related to L1 hypomethylation in cfDNA in
order to determine its applicability as a biomarker in clinical practice. One of the significant limitations
of cfDNA-based biomarkers is that the tissue of the damaged cfDNA origin stays enigmatic. Therefore,
L1 methylation in cfDNA should be used as an additional marker indicating the increased probability
of a malignant disease. Further studies on larger cohorts of patients with different tumor types and
stages should be conducted to reduce the level of inter-patient heterogeneity; furthermore, a broader
range of CpG sites should be tested and different cancer types analyzed.
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cancer patients in clinics. Brown gradient corresponds to the volume of knowledge at every stage.

The identification of L1 hypomethylation patterns characteristic for each tumor category is of
particular interest. Different tumors are characterized by distinct methylation patterns, which inevitably
should be reflected in L1 methylation profiles. Such studies are methodologically challenging: L1 copies
have very similar sequences and it is hard to distinguish them by currently available methods, including
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high-throughput sequencing. Identification of individual copies and unique genomic regions adjacent to
each L1 element can be used in combination with unique molecular identifiers [125] that allow matching
of converted sequences with their nonconverted templates. Advanced computational approaches such
as machine learning should also be employed to determine cancer type-specific L1 hypomethylation
signatures in cfDNA. Clinical implementation of cfDNA-derived L1 methylation profiling in cancer
could address the challenges of highly sensitive screening for early-stage tumor detection, independently
of its location, and identification of a specific tissue undergoing malignant transformation.
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