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Abstract:

Ameloblasoma is an aggressive odontogenic tumor with unknown etiology. SHH is
an important gene in sonic hedgehog signaling pathway. We hypothesized that SHH gene
is function as tumor suppressor gene in ameloblastoma and aimed to study the mechanism
to suppress the expression. Six cases of ameloblastoma were laser captured and
performed RTPCR compared to normal tooth bud. Three of six were found under
expression. Then, these three cases were test for copy number variation by Human
CytoSNP array, promoter methylation by methylation specific PCR and DNA mutation by
DNA sequencing. The results showed that, no gain or loss at chromosome 7936 and no
DNA mutation at exon1, 2, 3 of SHH gene were found. Moreover, the promoter
methylation of SHH gene was not associated with expression. These data indicated that
SHH gene expression in ameloblastoma may control by orther mechanisms rather than
copy number variation, promoter methylation and DNA mutation. However, further

investigation in the larger ameloblastoma population is needed.
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Met specific F: 5' -GGGAGTGGTGGAGAGTTTTTTG-3'

Met specific R: 5' -AACTAATAACTTCCAAACTATCCCCA-3'

Unmet specific F: 5' -GAGCGGTGGAGAGTTTTTCG-3'

Unmet specific R: 5'-ACTAATAACTTCCGAACTATCCCCG-3'

Methylation sequencing 19 primer ﬁ\iﬁy

Met nested F: 5' -GGTGGAGAGTTTTTTGTAGTTGTGGT-3'

Met nested R: 5' -AAACTATCCCCATACAAATCCATACA-3'

Unmet nested F: 5' - AGAGTTTTTCGTAGTCGCGGC-3'

Unmet nested R: 5' - ATCCCCGTACGAATCCGTACG-3'
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1-2R: 5'-AAGCAGCGGGTGAAATCACC-3'

Exon 2 amplified 1 du Taoly primer

2-1F: 5'-TAACGTGTCCGTCGGTGGG-3'

2-1R: 5'-TGCTTTCACCGAGCAGTGG-3'S.



Exon 3 amplified 4 a1 Tagly primer

3-1F: 5'-TTCCCTTCTCCTCACCG-3',

3-1R: 5'-CCACAAAGAGCAGGTGCG-3'
3-2F: 5'-TCTTCTACGTGATCGAGACGC-3'
3-2R: 5'-CGGTTGATGAGAATGG-TGC-3'
3-3F: 5'-GTGACCCTAAGCGAGGAGG-3'
3-3R: 5'-CGAGTACCAGTGGATGCCC-3'
3-4F: 5'-AGC-CCTAACGCGTCCAGGTG-3'
3-4R: 5'-TTCAGCTGGACTTGACCGCCAT-3'
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4.1 SHH gene expression
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ORIGINAL STUDY

Human Papillomavirus’s Physical State and Cyclin Al

Promoter Methylation in Cervical Cancer

Pattamawadee Yanatatsaneejit, PhD,* Apiwat Mutirangura, PhD,{ and Nakarin Kitkumthorn, PhD¥

Background: Cervical cancer is the second biggest cause of death among human female
cancers. Human papillomavirus (HPV) is the main factor in this cancer, especially HPV
types 16 and 18, which constitute the high-risk group. There are 2 physical states of HPV in
host cells: integrated and episomal forms. Our previous study explored the very high degree
of cyclin A1 (CCNAI) promoter methylation in invasive cervical cancer in which all cases
were infected by HPV.

Objective: From previous evidence, it seemed that HPV might affect CCNAI promoter
methylation. Therefore, both the quantity and physical state of HPV were investigated in
this study for their effects on CCNAI promoter methylation.

Materials and Methods: To determine the correlation of HPV quantity and CCNAI
methylation, the proportion of HPV L1/HAT (histone acetyltransferase, which is a human
housekeeping gene) and the percentage intensity of CCNAI promoter methylation were
observed. CCNAI promoter methylation was detected by methylation-specific primer
polymerase chain reaction. To investigate the physical state, the HPV E2 region was am-
plified. The effect of the physical state on CCNAI methylation was observed.

Results: No correlation was found between the quantity of HPV and CCNAI promoter
methylation. Interestingly, the physical state of HPV had the potential to affect methylation
of this gene. The integrated form of HPV had a significantly higher impact on CCNAI
methylation than HPV in episomal form (P = 0.001; 95% confidence interval, 11.96-38.44).
Conclusion: We suggest that the integrated form of HPV might lead to CCNAI promoter
methylation in cervical cancer by some mechanisms.

Key Words: HPV, Episome, Integrated, CCNA/ promoter methylation, Cervical cancer
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Cervical cancer is one of the leading causes of death
among women. Nearly 100% of cervical cancers are
caused by the human papillomavirus (HPV). Human papil-
lomavirus types 16 and 18 constitute the high-risk group.'

Human papillomavirus type 16 is commonly found in cer-
vical squamous cell carcinoma, whereas HPV 18 is the most
prevalent type in cervical adenocarcinoma.” The HPV ge-
nome consists of 8 genes: E6, E7, El, E2, E5, E4, L1, and
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HPV Physical State and CCNAT1 Methylation

L2 There are 2 physical states of HPV in host cells: inte-
grated and episomal forms. Integrated HPV is the dominant
form of infection. When HPV is in integrated form, the E2
gene, which suppresses the £6 and E7 genes, is disrupted.
Disruption of the E2 gene leads to overexpression of E6
and E7, which are oncogenic genes, eventually causing the
transformation of normal cells to cancer cells.* Although
integrated HPV is the major form of infection, which can
lead to carcinogenesis, some studies have shown that the
episomal form also leads to cervical cancer.”® Another study
has shown that episomal DNA can allow an increase of E6
and E7 by deletion in the YY1 binding site of the long
control region of HPV episomal DNA.” Thus, both physical
states of HPV in a host cell can be the cause of tumorigen-
esis. In this regard, the absolute levels of HPV can impact
this process. For instance, copy number of HPV type 16 has
been shown to be significantly associated with tumor initi-
ation® and increasing levels corresponding to progression.
Furthermore, studies also suggest a positive correlation be-
tween E6/E7 messenger RNA level and viral DNA load in
invasive cervical carcinoma.” Not only HPV causes cervical
cancer; loss of function of tumor suppressor genes (TSGs)
can also lead to tumorigenesis. There are several factors that
evidently lead to dysfunction of these genes. Loss of het-
erozygosity'® and promoter methylation of TSGs'"'? are the
main causes of this event in many cancers. In cervical cancer,
promoter methylation of TSGs is a risk factor as well.'*'*

Cyclin A1 (CCNAI) is one of the TSGs in many can-
cers, such as nasopharyngeal carcinoma,'” head and neck
squamous cell carcinoma (HNSCC),'® and cervical cancer.'*'*
In HNSCC, expression of CCNAI has been shown to corre-
late with TP53 activation. Cyclin Al promoter methylation
has also demonstrated inverse correlation with p53 mutation
status.'® The mechanism of loss of function of TP53 in cer-
vical cancer is different from that in HNSCC. In HNSCC, it
is disrupted by gene mutation, whereas in cervical cancer,
HPV infection is the main risk factor.'’

Our previous study found a high degree (93.3%) of
CCNAI promoter methylation in invasive cervical cancer,
correlating with its expression.'® All cervical cancer cases
tested positive for HPV. This evidence prompted us to de-
termine the correlation between HPV and CCNAI promoter
methylation. In this study, the quantity and physical state of
HPV were observed for their impact on CCNAI promoter
methylation. This correlation is of great interest because it
may be evidence that HPV induces promoter methylation of
TSGs in cervical cancer.

MATERIALS AND METHODS

Tissue Samples and DNA Extraction
Twenty-five fresh-frozen cervical cancer tissue samples
were obtained from the Faculty of Medicine, Chulalongkorn
University. All specimens were histologically proven malig-
nant cells by pathologists. Samples were then divided into 2
subgroups. One set was fixed in formalin and then submitted
for routine pathological examination. The second was pre-
served in tissue-freezing medium for use in further experi-

© 2011 IGCS and ESGO

‘ 25 cervical cancer tissues ‘

v
’HPV detection and typing I

‘23 cases infected by HPV16, 18 ‘

Detection of HPV physical state ‘

Detection of HPV quantity ‘

Detection of CCNA1 promoter methylation

FIGURE 1. Flow chart of experiments.

ments, as shown in Figure 1. This arm of the experimental
design was approved by the Human Research Ethics Com-
mittee of Chulalongkorn University. Clinical stage was re-
trieved from the clinical record data sheet. We classified
International Federation of Gynecology and Obstetrics (FIGO)
stages I-ITA as low-stage cervical cancer and FIGO stages [IB-IV
as high-stage cervical cancer. For the histological grade, we re-
viewed slides and classified them into keratinized and non-
keratinized squamous cell carcinoma.

DNA from cervical cancer samples was extracted by
a standard technique with a lysis buffer (0.75-mol/L NaCl,
0.024-mol/L EDTA, pH 8.0) that was mixed with 10% so-
dium dodecyl sulfate and 20-mg/mL proteinase K and incu-
bated at 50°C overnight, followed by phenol/chloroform and
ethanol precipitation. After washing, the DNA samples were
air-dried and resuspended in 50-p.L distilled water.

HPV Detection and Typing

HPV L1 and E6 amplication and dot blot hybridization
were performed as previously described.'® Briefly, each L1
amplification reaction contained the L1 degenerate primers
MY11 and MYO09. The E6 reactions contained WD72,
WD66, WD154, WD67, and WD76. Both reactions were
used to amplify genomic DNA throughout 40 PCR cycles.
Then the amplicons were further analyzed for the presence of
high-risk HPV by dot blot hybridization using the HPV type-
specific oligo probes WD170, WD132, RR1, RR2, WD103,
WD165, WD, consensus L1, MY12/13, WD126, WD128,
MY16, WD133/134, MY 14, and WD174. The membranes
were subjected to analysis by a phosphoimager. Results for
L1 and E6 dot blots were scored independently. Duplicate
filters were prepared for all specimens.

HPV Quantitation

For quantitation of HPV in cervical cancer samples, we
used the L/ as the representative gene of the HPV genome
as well as HAT (histone acetyl transferase, which is the
housekeeping gene) as the representative gene of human
genome. All HPV DNA and tumor DNA in cervical cancer
samples were measured semiquantitatively by performing
duplex L1 and HAT primer PCR and repeating the above
PCR reaction. The primer for L/ was performed by MY09
and MY11. The primer for HAT was composed of HAT-F
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Copyright © 2011 by IGCS and ESGO. Unauthorized reproduction of this article is prohibited.



Yanatatsaneejit et al

International Journal of Gynecological Cancer * Volume 21, Number 5, July 2011

(3’ GGATGGTGAAAAATTGTCATS') and HAT-R (3'TTGG
TAAACTTGAGGGATATS'). The ratio between viral and
host genome copy numbers was calculated from the rela-
tive intensity of PCR bands using ImageQuaNT software
(Molecular Dynamics, Sunnyvale, Calif).

Detection of HPV's Physical State

To detect integration of HPV types 16 and 18, the E2
region was amplified using primers as previously described.'®
Briefly, the PIGR gene was used as a control. The PCR
reaction contained 1x PCR buffer (Qiagen, Tokyo, Japan),
0.2-mmol/L deoxynucleotide triphosphates, 0.5-pwmol/L pri-
mers, | U of HotStar Taq (Qiagen), and 100-ng/nL DNA.
The PCR condition was initially denatured for 15 minutes
at 95°C, followed by 40 cycles at 95°C for 1 minute, at 45°C
(for E2) and 55°C (for PIGR) for 1 minute, at 72°C for
1 minute, and with a final extension at 72°C for 7 minute.
The product sizes of £E2 of HPV types 16 and 18 and PIGR
were 1026 base pairs (bp), 1028 bp, and 1392 bp, respectively.

CCNAT Promoter Methylation Detection

The DNA samples were subjected to bisulfite treatment.
Briefly, 2 pg of genomic DNA was denatured in 0.2-mol/L
sodium hydroxide. Subsequently, 10-mmol/L hydroquinone
(Sigma-Aldrich, St Louis, Mo) and 3-mol/L sodium bisulfite
(Sigma-Aldrich) were added and incubated at 50°C for 16 to
20 hours. The modified DNA was then purified using Wizard
DNA purification resin (Promega, Madison, Wis), followed
by ethanol precipitation.

Duplex methylation-specific primer polymerase chain
reactions were performed to identify the CCNA methylation
level of all 23 samples infected by HPV 16 and 18, as pre-
viously described.'# Polymerase chain reaction band intensity
was measured using a phosphoimager. Methylated bands
were observed at 46 bp and unmethylated bands at 64 bp.
The CCNAI methylation percentage was calculated by a cali-
bration experiment as previously described.'* Some CCNA1I
methylation-positive bands were subsequently sequenced by a
cloning and sequencing method.'*

Statistical Analysis

Pearson correlation was used to determine the corre-
lation between the quantity of HPV and CCNAI promoter
methylation. Independent sample ¢ test was performed for
analyzing the effect of the physical state of HPV on CCNAI
promoter methylation, the effect of HPV quantity, and the
effect of CCNAI methylation on the stage and grade of cer-
vical cancer.

RESULTS
HPV Detection and Typing

All 25 cervical cancer samples were infected by HPV.
To observe HPV typing using L1- and E6-specific probes,
23 cases could be detected of HPV types 16 and 18, whereas
2 samples were infected by unclassifiable HPV types. Of
the 23 classifiable tissue samples, 16 and 7 samples were in-
fected by HPV 16 and 18, respectively.

904

HPV Quantitation

Twenty-three cervical cancer tissue samples containing
HPV types 16 and 18 were evaluated for quantity of HPV by
measuring the percentage of intensity of L1 per HAT bands.
All 23 samples had a high quantity of HPV: the lowest was
58% and the highest was 94.5%.

HPV’s Physical State

The positive band of the E2 gene was investigated in
the samples infected by the episomal form of HPV. This
band was not found in samples infected by the integrated
form. From the 23 samples infected by HPV types 16 and 18,
13 samples were found in integrated form, whereas 10 sam-
ples were found in episomal form.

CCNAT Promoter Methylation

All 23 samples indicated CCNAI promoter methyl-
ation. Each sample had both methylated and unmethylated
bands. The range of the intensity percentage of methylated
bands was from 5% to 79%.

HPV Quantity and CCNAT Promoter
Methylation

To investigate the correlation between the quantity of
HPV and CCNAI promoter methylation, the proportion of
L1/HAT and the percentage intensity of CCNAI promoter
methylation were observed. No statistically significant cor-
relation was found between the quantity of HPV and CCNA !
promoter methylation.

HPV’s Physical State and CCNAT Promoter
Methylation

The effect of HPV form and CCNA I methylation level
in cervical cancer tissues was observed. Cervical cancer tis-
sues infected by the integrated form of HPV had a signifi-
cantly higher percentage intensity of CCNAI methylation
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FIGURE 2. Graphical comparison between the
proportions of L1/HAT (%; x-axis) and CCNAT promoter
methylation level (%; y-axis).
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HPV Physical State and CCNAT1 Methylation
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FIGURE 3. Graphical comparison between HPV
physical state (x-axis) and CCNAT promoter methylation
levels (y-axis).

than tissues that contained the episomal form of HPV (P =
0.001; 95% CI, 11.96-38.44), as shown in Figures 2 and 3.

HPV Quantity on Clinical Stage and
Histological Grade

The effect of HPV quantity in cervical cancer tissues
on the stage and grade of these samples was observed. There
was no statistically signification correlation both between
HPV quantity and stage (P = 0.137) and between the HPV
quantity and the grade (P = 0.703) as shown in Figure 4.

CCNAT Promoter Methylation on Clinical
Stage and Histological Grade

The effect of CCNAI promoter methylation on the
stage and grade of these samples was investigated. There
was no statistically significant correlation both between the
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Cervical cancer

FIGURE 4. Graphical comparison between the
proportions of L1/HAT (%; y-axis) and clinical stage
and histological grade (y-axis).
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FIGURE 5. Graphical comparison between CCNAT
promoter methylation levels (%; y-axis) and clinical
stage and histological grade (y-axis).

CCNA1 promoter methylation and the stage (P = 0.610) and
between the CCNAI methylation and the grade (P = 0.245)
as shown in Figure 5.

DISCUSSION

Almost 100% of patients with cervical cancer have
been infected by HPV, with the highest risk of this cancer
found in HPV types 16 and 18.2 Human papillomavirus
can lead to tumorigenesis by several pathways, such as the
mechanism of HPV E6, which binds and leads to degradation
of the p53 tumor-suppressor protein, whereas HPV E7 com-
petes in the interaction of retinoblastoma (Rb) with E2F, driv-
ing cell cycle progression.* In addition, TSG dysfunction also
can lead to tumorigenesis. Loss of heterozygosity and promoter
methylation are the main risk factors of TSG dysfunction. Our
previous study showed a very high percentage of CCNAI
promoter methylation in cervical cancer tissues, whereas no
methylation was observed in normal tissues.'* These results
indicated that CCNA I functioned as a TSG in cervical cancer.
Together with HPV signifying a high risk of this cancer, this
encouraged us to determine the effect of the correlation be-
tween HPV and CCNA I promoter methylation.

In this study, we chose only cervical cancer tissues
that were infected by very high-risk HPV: types 16 and 18.
The data clearly expressed that HPV quantity had no effect
on CCNAI promoter methylation; therefore, we can con-
clude that the quantity of HPV infection is not important for
CCNAI methylation. In contrast, the physical state of HPV
had a strong potential effect. We detected a significantly
higher percentage intensity of CCNA/ promoter methylation
in cervical cancer tissues infected by the integrated rather
than the episomal form of HPV. In the episomal form, E2
suppresses E6 and E7 transcription, whereas in the integrated
form, E2 is disrupted, leading to up-regulation of E6 and E7.*
Taken together, there may also be other roles of E6 and E7
in tumor development. Not only the function of p53 in the
degradation role of E6 and interaction with the Rb role of
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E7, but E7 might also have some ability to form a complex
with DNA methyltransferase on the CCNAI promoter, lead-
ing to promoter methylation of this gene. This event might
cause tumorigenesis because of lost function of cyclin Al
encoded by CCNA I

Notably, although there are data proposing that inte-
grated forms of HPV could activate the mechanism causing
progression from preinvasive advance lesions to invasive
carcinoma,® no correlation between the viral copy number
and clinical stage were found,'® although a dose-response
association between viral load and precancerous lesion grade
may be implicated.® In this study, we also found no signifi-
cant correlation between HPV quantity and clinical staging.
From our knowledge, we hypothesized that cells infected
by only one integrated HPV could have the same outcome
as those cells with multiple viral copies with regard to tumor
progression but not tumor initiation. In addition, CCNAI
promoter methylation can occur in those cells displaying
HPV integration, albeit with one copy. This is likely due to E7
augmentation and interaction between E7 and DNA methyl-
transferase 1. This event can eventually transform precancerous
to cancer, but this line of evidence warrants further investiga-
tion to essentially explore mechanisms of integrated HPV and
CCNA 1 promoter methylation in promoting tumor progression.

In our previous study,'* we observed CCNAI methyl-
ation and expression in HeLa and SiHa, which are cervical
cancer cell line infecting with HPV. We found that methyl-
ation had controlled expression of this gene. In the present
study, we found the samples with episomal form had lower
percentage of CCNAI methylation than the samples with
integrated form. This implied that there was higher CCNA/
expression in samples with episomal form than in samples
with integrated form. Cyclin Al plays a role as tumor sup-
pressor gene in cervical cancer, head and neck cancer, and
nasopharyngeal carcinoma.'*'® Its function as TSG is in-
volved in DNA repair.®® Cyclin Al may lose its function to
repair DNA damage in cervical cancer infected by integrated
form more than in episomal form.
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Abstract Epigenetic changes in long interspersed nuclear
element-1s (LINE-1s or L1s) occur early during the process of
carcinogenesis. A lower methylation level (hypomethylation)
of LINE-1 is common in most cancers, and the methylation
level is further decreased in more advanced cancers. Conse-
quently, several previous studies have suggested the use of
LINE-1 hypomethylation levels in cancer screening, risk
assessment, tumor staging, and prognostic prediction. Epi-
genomic changes are complex, and global hypomethylation
influences LINE-1s in a generalized fashion. However, the
methylation levels of some loci are dependent on their
locations. The consequences of LINE-1 hypomethylation are
genomic instability and alteration of gene expression. There
are several mechanisms that promote both of these con-
sequences in cis. Therefore, the methylation levels of
different sets of LINE-1s may represent certain phenotypes.
Furthermore, the methylation levels of specific sets of LINE-
Is may indicate carcinogenesis-dependent hypomethylation.
LINE-1 methylation pattern analysis can classify LINE-1s
into one of three classes based on the number of methylated
CpG dinucleotides. These classes include hypermethylation,
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partial methylation, and hypomethylation. The number of
partial and hypermethylated loci, but not hypomethylated
LINE-1s, is different among normal cell types. Consequent-
ly, the number of hypomethylated loci is a more promising
marker than methylation level in the detection of cancer
DNA. Further genome-wide studies to measure the methyl-
ation level of each LINE-1 locus may improve PCR-based
methylation analysis to allow for a more specific and
sensitive detection of cancer DNA or for an analysis of
certain cancer phenotypes.

Keywords Long interspersed nuclear element-1s - DNA
methylation - Hypomethylation - Partial methylation -
Cancer - LINE-1

Because of the retrotransposition events that have occurred
during evolution, the human genome contains more than
500,000 long interspersed nuclear element-1 (LINE-1 or L1)
copies (Lander et al. 2001). Most LINE-1s are truncated.
More than 10,000 LINE-1s are longer than 4.5 kb and
consist of a 5’ untranslated region (UTR), two open reading
frames, and a 3" UTR containing a polyadenylation signal
(Penzkofer et al. 2005). The DNA methylation levels of
LINE-1 5" UTRs in cancer have been extensively evaluated
for potential use as an epigenomic marker for cancer
(Chalitchagorn et al. 2004). The mean level of LINE-1
methylation in most cancer types is lower than in normal
cells (Table 1). The degree of LINE-1 hypomethylation
increases in more advanced cancers (Table 2 and Electronic
supplementary material (ESM) Table 1). The methylation of
other interspersed repetitive sequences (IRSs), such as Alu
elements and human endogenous retrovirus (HERV) sequen-
ces, has been evaluated to a lesser extent (Tables 1 and 2 and
ESM Table 1). LINE-1 and other IRS methylation levels
have the potential to be used as universal tumor markers for
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Table 1 Interspersed repetitive sequence hypomethylation in cancer

Type of cancer Repeated  Hypomethylation — Reference
sequence
Abdominal LINE-1 Yes Geli et al. (2008)
paragangrioma
Breast cancer Alu Yes Cho et al. (2010)
LINE-1 Yes Cho et al. (2010)
Cervical cancer LINE-1 Yes Shuangshoti et al. (2007)
Cholangiocarcinoma LINE-1 Yes Kim et al. (2009a)
Colorectal cancer Alu Yes Kwon et al. (2010; Rodriguez et al. (2008)
LINE-1 Yes Chalitchagorn et al. (2004; Suter et al. (2004); Matsuzaki et al. (2005); Estecio
et
al. (2007); lacopetta et al. (2007); Ogino et al. (2008a); Nosho et al. (2009a,
b);
An et al. (2010); Baba et al. (2010); Ibrahim et al. (2011); Irahara et al.
(2010);
Kawakami et al. (2011); Kwon et al. (2010)
Ependymoma Alu Yes Xie et al. (2010)
Esophagus cancer LINE-1 Yes Chalitchagorn et al. (2004)
Gastric cancer Alu Yes Yoo et al. (2008); Park et al. (2009); Hou et al. (2010); Xiang et al. (2010);
Yoshida et al. (2011)
LINE-1 Yes Chalitchagorn et al. (2004; Yoo et al. (2008); Park et al. (2009); Yoshida et al.
(2011)
Germ cell tumor LINE-1 Yes Alves et al. (1996)
Fibrolamellar carcinoma LINE-1 No Trankenschuh et al. (2010)
of liver
Head and neck LINE-1 Yes Chalitchagorn et al. (2004); Hsiung et al. (2007); Smith et al. (2007);
squamous cell Subbalekha
cancer et al. (2009)
Hepatoma Alu Yes Lee et al. (2009)
LINE-1 Yes Takai et al. (2000); Chalitchagorn et al. (2004); Tangkijvanich et al. (2007);
Lee et
al.
(2009); Kim et al. (2009b); Formeister et (al. 2010); Trankenschuh et al.
(2010)
Leukemia (acute Alu Yb8  No Choi et al. (2009)
promyelocytic LINE-l  No Choi et al. (2009)
leukemia)
Leukemia (chronic Alu Yes Roman-Gomez et al. (2008); Fabris et al. (2011)
inyle(:log.er;ous LINE-1 Yes Roman-Gomez et al. (2008); Roman-Gomez et al. (2005); Fabris et al. (2011)
eukemia
Leukemia (plasma LINE-1 Yes Bollati et al. (2009)
cell leukemia)
Lung cancer (non-small cell Alu Yes Daskalos et al. (2009)
lung LINE-1 Yes Chalitchagorn et al. (2004); Daskalos et al. (2009); Jin et al. (2009); Saito et
cancer) al.
(2010)
Lymphoma LINE-1 No Chalitchagorn et al. (2004)
Malignant LINE-1 No Feber et al. (2011)
peripheral
nerve sheath
tumor
Melanoma LINE-1 Yes Tellez et al. (2009)
Multiple myeloma Alu Yes Bollati et al. (2009)
LINE-1 Yes Bollati et al. (2009)
Neuroendocrine Alu Yes Choi et al. (2007)
tumor LINE-1  Yes Choi et al. (2007)
Neurofibromatosis LINE-1 No Feber et al. (2011)
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Table 1 (continued)

Type of cancer Repeated  Hypomethylation — Reference
sequence
Ovarian cancer AluHER  Yes Watts et al. (2008)
V-W Yes Menendez et al. (2004)
LINE-1 Yes Menendez et al. (2004); Pattamadilok et al. (2008); Woloszynska-Read et al.
(2008);
Dammann et al. (2010)
Parathyroid LINE-1 No Juhlin et al. (2010)
adenoma
Pheochromocytoma LINE-1 Yes Geli et al. (2008)
Prostate cancer Alu Yes Kim et al. (2011)
LINE-1 Yes Santourlidis et al. (1999; Schulz et al. (2002); Chalitchagorn et al. (2004);
Florl et al.
(2004); Kindich et al. (2006); Yegnasubramanian et al. (2008); Cho et al.
(2009)
Renal cell LINE-1 No Florl et al. (1999); Chalitchagorn et al. (2004)
carcinoma
Thyroid cancer LINE-1 No Lee et al. (2008)
(follicular type)
Thyroid cancer LINE-1 No Chalitchagorn et al. (2004)
(papillary type)
Urothelial cancer HERV-K  Yes Florl et al. (1999)
Alu Yb8  Yes Choi et al. (2009)
LINE-1 Yes Jurgens et al. (1996); Florl et al. (1999); Neuhausen et al. (2006); Choi et al.

(2009);
Wilhelm et al. (2010); Wolff et al. (2010)

the detection of cancer DNA and to predict prognosis
(Watanabe and Maekawa 2010).

LINE-1s have often been referred to as parasitic or
junk DNA sequences. However, many LINE-1s play a
role in gene regulation, and this control is regulated by
the 5" UTR methylation level (Aporntewan et al. 2011).
As a result, changes in the methylation status of different
sets of LINE-1 loci may lead to different cellular
phenotypes (Phokaew et al. 2008; Aporntewan et al.
2011). These differences may be an underlying reason
why LINE-1 methylation levels in normal cells show so
much variation (Chalitchagorn et al. 2004). Lower
methylation levels can also be found in many non-
malignant conditions. Current PCR-based techniques were
designed to measure LINE-1 methylation level and cannot
distinguish between malignant- and non-malignant-
associated LINE-1 hypomethylation (Xiong and Laird
1997; Laird 2010; Weisenberger et al. 2005; Yang et al.
2004). Therefore, a technique that measures not only the
level but also the pattern of LINE-1 methylation should
improve detection specificity and sensitivity and broaden
the applications of this tumor marker. The topics of this
review therefore include the following: (1) an up-to-date
review of studies on LINE-1 and other IRS methylation
levels in cancer; (2) the characteristics of LINE-1

hypomethylation in cancer; (3) the locus-dependent roles
of LINE-1 hypomethylation in cancer development; and
(4) the improvement in cancer DNA identification by
LINE-1 methylation classification.

LINE-1 and other IRS methylation levels in cancer

The methylation levels of LINE-Is, Alu elements, and
some types of HERVs have been studied (Table 1). LINE-1
is the IRS element that is most frequently studied, and its
hypomethylation has been found in many cancers. In a few
cancer types, including cancer of the kidney, thyroid, and
lymph nodes; acute promyelocytic leukemia; malignant
peripheral nerve sheath tumor; and parathyroid adenoma,
LINE-1 hypomethylation had not been found (Table 1).
LINE-1 hypomethylation is also found in premalignant
lesions of the cervix (Shuangshoti et al. 2007), extrahepatic
bile duct (Kim et al. 2009a), and stomach (Park et al. 2009).
Unexpectedly, LINE-1 hypermethylation was observed in
some lesions that possess a high potential for malignant
transformation, including lesions associated with myelodys-
plastic syndrome (Romermann et al. 2007) and liver
cirrhosis (Takai et al. 2000). Interestingly, LINE-1 hyper-
methylation is found in partial hydatidiform moles, whereas
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LINE-1 hypomethylation is seen in triploid diandric
embryos. Both lesions originate from dispermic fertilization
of an oocyte, suggesting that LINE-1 hypermethylation in
moles is directly linked to the neoplastic process and is not
a consequence of growth control (Perrin et al. 2007).

As shown in Table 2 and ESM Table 1, LINE-1
hypomethylation is associated with advanced tumor stage,
higher histological grade, and poor prognosis. LINE-1
hypomethylation increases with tumor size (Tangkijvanich
et al. 2007) and with higher tumor stage (Florl et al. 1999;
Kindich et al. 2006; Pattamadilok et al. 2008; Lee et al.
2009; Baba et al. 2010). With increasing histological grade,
according to multistep carcinogenesis, LINE-1 hypomethy-
lation levels are increased in many cancer types (Florl et al.
1999; Shuangshoti et al. 2007; Cho et al. 2007; Park et al.
2009; Iramaneerat et al. 2011; Pattamadilok et al. 2008).
Furthermore, LINE-1 hypomethylation is correlated with
chromosomal aberrations (Schulz et al. 2002; Cho et al.
2007; Choi et al. 2007; Ogino et al. 2008a; Bollati et al.
2009), the hypermethylation of tumor suppressor genes
(Choi et al. 2007; Kim et al. 2009a), mutations of tumor
suppressor genes (lacopetta et al. 2007; Kim et al. 2009a),
the alternate transcription of oncogenes (Wolff et al. 2010),
and the deregulation of cancer genes (Woloszynska-Read et
al. 2008). Therefore, LINE-1 hypomethylation is associated
with malignant phenotypes in human cells, deregulating
gene expression and accelerating DNA rearrangement.
Interestingly, the LINE-1 hypomethylation level is inversely
associated with microsatellite instability (Estecio et al. 2007;
Iacopetta et al. 2007; Ogino et al. 2008a; Goel et al. 2010;
Kawakami et al. 2011). This finding may indicate that
microsatellite instability and LINE-1 hypomethylation are
characteristics of different genomic instability mechanisms.

From a clinical point of view, LINE-1 hypomethy-
lation is associated with tumor metastasis (Schulz et al.
2002; Choi et al. 2007), the recurrence rate (Formeister et
al. 2010), and the mortality rate (Ogino et al. 2008b; Ahn
et al. 2011). LINE-1 hypomethylation has been reported
to be a prognostic marker in several types of cancer
including the stage IA subgroup of non-small cell lung
cancer (Saito et al. 2010), ovary (Pattamadilok et al.
2008), and colon (Ogino et al. 2008b; Baba et al. 2010).
LINE-1 hypomethylation has been proposed to be used as
a screening tool for cancer detection. LINE-1 hypome-
thylation is observed in blood leukocyte DNA (Hsiung et
al. 2007; Wilhelm et al. 2010), serum (Chalitchagorn et
al. 2004; Tangkijvanich et al. 2007), and oral rinse
samples (Subbalekha et al. 2009). Moreover, LINE-1
hypomethylation has also been demonstrated to be a
surrogate marker for predicting tumor treatment response
and prognosis (Aparicio et al. 2009; Sonpavde et al. 2009;
Bernstein et al. 2010; Fang et al. 2010; Kawakami et al.
2011).
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Alu elements and HERV genomes have been studied less
frequently (Table 1). Hypomethylation of Alu sequences
was reported in nine cancers, whereas hypomethylation of
HERV-K and HERV-W genomes was found in urothelial
cancer (Florl et al. 1999) and ovarian cancer (Menendez et
al. 2004), respectively. All of the Alu- and HERV-
hypomethylated cancers also possess LINE-1 hypomethy-
lation. Certain cancer phenotypes are associated with the
methylation levels of certain IRS types. For example,
HERV-K, but not LINE-1 and HERV-E, methylation levels
are associated with poor prognosis and platinum resistance
of ovarian clear cell carcinoma (Iramaneerat et al. 2011).

Characteristics of LINE-1 and global hypomethylation
in cancer

Transgenic mice with hereditary defects in DNA methyl-
transferase show increased risk of developing cancer
(Gaudet et al. 2003). Therefore, global hypomethylation
may be one of the mechanisms that promote carcinogenesis
and is unlikely to be just a consequence of cancer
development. However, lower genome-wide methylation
levels have also been found in many conditions, such as
embryogenesis (Migeon et al. 1991; Kremenskoy et al.
2003), aging (Lutz et al. 1972; Gonzalo 2010), congenital
malformation (Wang et al. 2010), exposure to certain
environments (Bollati et al. 2007), nutrition (Brunaud et
al. 2003), and autoimmune diseases (Richardson et al.
1990). There is no report of increased cancer development
risk in individuals with some of these conditions. There-
fore, it is reasonable to hypothesize that the genomic
distribution of IRS methylation levels is different in global
hypomethylation-related conditions. Interestingly, in some
conditions, the loss of genome-wide methylation is IRS
type-specific. For example, hypomethylation of Alu ele-
ments and HERV-K, but not LINE-1, was found in aging
cells (Jintaridth and Mutirangura 2011). However, LINE-1
hypomethylation has been demonstrated in many other
conditions (Schulz et al. 2006). Because LINE-1 methyla-
tion levels can regulate host gene expression in cis
(Aporntewan et al. 2011), it is reasonable to hypothesize
that the reduction in LINE-1 methylation is the result of
epigenomic heterogeneity. A simpler explanation is that
even though two different cells possess the same number of
LINE-1 loci and methylation levels, each LINE-1 locus
may have a different level of LINE-1 methylation in these
cells (Phokaew et al. 2008). Therefore, LINE-1 hypome-
thylation is a cancer biomarker that may be a diagnostic
tool for many cancer types. However, LINE-1 hypomethy-
lation is not specific to cancer. The inclusion of information
regarding the genomic LINE-1 methylation distribution
pattern should therefore be a promising way to improve and
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Table 2 Interspersed repetitive sequence hypomethylation and cellular, molecular phenotype

Cancer IRS Cellular phenotype Molecular association Reference
Higher ~ Poorer Survival
clinical  histological
stage grade
Cervical cancer L1 NR PE NR NR Shuangshoti et al.
(2007)
Cholangiocarcinoma L1 NR PE NR PE for CIMP and TSG mutation Kim et al. (2009a)
Colorectal cancer L1 NR PE NR NR Chalitchagorn et
al. (2004)
L1 NR NR NR PE for MSS Matsuzaki et al.
(2005)
L1 NR NR NR PE for MSI and CIN Deng et al. (2006)
L1 NR NR NR NE for MSI Estecio et al.
(2007)
L1 PE PE in mucinous NR NE for MSI and TSG mutation lacopetta et al.
histology (2007)
L1 NR NR NR NE for MSI and CIMP Ogino et al.
PE for chromosomal alteration in (2008a)
non-MSI tumor
L1 NR NR PE NR Ogino et al.
(2008b)
L1 NR NR NR NE for SNPSs in one-carbon Hazra et al. (2010)
pathway genes.
L1 NR NR NR LINE-1 methylation level Nosho et al.
correlated between synchronous (2009a)
cancer pairs from the same
individuals.
L1 NR NR NR NE for DNMT3B- positive tumors ~ Nosho et al.
(2009b)
L1 NR NR NR PE for CIMP An et al. (2010)
L1 NR NR PE in proximal NR Ahn et al. (2010)
colon cancer NE
in distal colon
cancer
L1 NR NR PE PE for MSI, CIMP, CIN, TSG Baba et al. (2010)
mutation and TSG expression
L1 NR NR NR NE for MSI and methylation index  Goel et al. (2010)
PE for MSS HNPCC
L1 NR PE NR NR Ibrahim et al.
(2011)
L1 NR NR PE NE for MSI and CIMP Kawakami et al.
(2011)
Alu, L1 NE PE NR NR Kwon et al. (2010)
Ependymoma Alu NR PE NR NR Xie et al. (2010)
Gastric cancer Alu NR PE NR NR Park et al. (2009)
L1 NR PE NR NR Park et al. (2009)
L1 NR NR NR PE for folate metabolizing gene Hou et al. (2010)
polymorphisms
Gastrointestinal L1 PE NR NR NR Igarashi et al.
stromal cancer (2010)
Head and neck L1 PE NR NR NR Smith et al. (2007)
cancer L1 NR NR PE especially HPV ~ NR Furniss et al.
16 negative SCC (2008)
L1 NS NS NR NR Subbalekha et al.

(2009)
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Table 2 (continued)

Cancer IRS Cellular phenotype Molecular association Reference
Higher  Poorer Survival
clinical  histological
stage grade
Hepatocellular L1 PE PE NR NR Tangkijvanich et
carcinoma al. (2007)
Alu NE PE NR NR Lee et al. (2009)
L1 PE PE NR NR Lee et al. (2009)
L1 NR PE NR NR Kim et al. (2009b)
L1 NR NR PE NR Formeister et al.
(2010)
Multiple myeloma Alu NR PE NR NE for hyperdiploid MM Bollati et al.
MM) (2009)
L1 NR PE NR PE for chromosomal translocation  Bollati et al.
(2009)
Nerve tumor L1 NR NE NR NR Feber et al. (2011)
Neuroendocrine Alu NR NE PE PE for TSG methylation Choi et al. (2007)
tumor Ll NR NE PE PE for chromosomal alteration and ~ Choi et al. (2007)
gene methylation
Non-small cell lung L1 NR SCC> NR NR Jin et al. (2009)
cancer (NSCLC) adenocarcinoma
(P<0.001)
L1 NR NR PE NR Saito et al. (2010)
Odontogenic tumor L1 NR Ameloblastoma  NR NR Kitkumthorn and
> KCOT Mutirangura
(P=0.001) (2010)
Ovarian cancer L1 NS NE PE NR (Pattamadilok et
al. 2008)
L1 NR NR NR PE with TSG expression Woloszynska-
Read et al.
(2008)
L1 NR NR NR PE for follow-up patients treated Fang et al. (2010)
with decitabine (P<0.001)
L1 PE NR NR PE for TSG methylation Woloszynska-
Read et al.
(2011)
Ovarian clear cell L1 PE NR NR NR Iramaneerat et al.
carcinoma (2011)
HERV- PE NR NR NR Iramaneerat et al.
E (2011)
HERV- PE NR PE NR Iramaneerat et al.
K (2011)
Pancreatic cancer L1 NR NR NR PE for MTHFR polymorphisms Matsubayashi et
al. (2005)
Prostate cancer L1 PE NR NR NR Santourlidis et al.
(1999)
L1 PE NR PE PE with chromosomal aberration Schulz et al.
(2002)
L1 PE NR NR NR Kindich et al.
(2006)
Alu PE PE NR NR Cho et al. (2007)
L1 PE PE NR NR Cho et al. (2007)
L1 NR NR PE NR Yegnasubramanian
et al. (2008)
L1 NR PE NR NR Cho et al. (2009)
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Table 2 (continued)

Cancer IRS Cellular phenotype Molecular association Reference
Higher  Poorer Survival
clinical  histological
stage grade
Urothelial cancer L1 PE PE NR NR Florl et al. (1999)
L1 PE PE NE NR Neuhausen et al.
(2006)
L1 NR NR NR PE for Met oncogene alternate Wolff et al. (2010)

transcript

IRS interspersed repetitive sequence, L/ long interspersed nucleotide element-1, NR no report, NS non-significant, PE positive evidence,
NE negative evidence, 7SG tumor suppressor gene, CIMP CpG island methylator phenotype, MSS microsatellite stable, MSI microsatellite instability,
CIN chromosomal instability, SNP single nucleotide polymorphism, DNMT3B DNA methyltransferase-3B, HNPCC hereditary nonpolyposis
colorectal cancer, MM multiple myeloma, HCC hepatocellular carcinoma, SCC squamous cell carcinoma, KCOT keratocystic odontogenic tumor,
HERV-E human endogenous retrovirus E, HERV-K human endogenous retrovirus K, MTHFR methylenetetrahydrofolate reductase

widen the applications of LINE-1 methylation as a tumor
marker (Pobsook et al. 2011).

Although LINE-1 methylation levels are variable in both
cancer and normal cells, the mechanisms that alter methyla-
tion levels may be different. Normal cells possess several
patterns of LINE-1 methylation levels. The levels of some cell
types are precise and limited to within a specific range. In
other cases, such as in the esophagus and thyroid, the ranges
are expanded (Chalitchagorn et al. 2004). Similar patterns can
be observed when the methylation status of each LINE-1
locus is observed (Phokaew et al. 2008). Different loci
possess different methylation levels. Some are limited in
range and others have wider ranges. Levels of LINE-1 locus
methylation between different cell types are usually different,
but each locus reveals similar patterns regarding the range of
methylation levels (Phokaew et al. 2008).

Comparison of methylation levels between LINE-1 loci in
normal cells showed no significant correlation. This result
suggests that the methylation level is locus-dependent (Fig. 1;
Phokaew et al. 2008). In contrast, significant associations of
methylation levels between LINE-1 loci were frequently
found in cancer. Therefore, the mechanism causing LINE-1
hypomethylation in cancer occurs generally and in a
genome-wide manner (Fig. 1; Phokaew et al. 2008).
However, this mechanism may be biased toward some IRS
sequences. Using microarray analysis, Szpakowski et al.
(2009) reported that primate-specific LINE-1 elements and
most of the younger, primate-specific retroelements were
preferentially hypomethylated in samples of squamous cell
carcinoma of the head and neck in comparison to non-tumor
adjacent tissue and normal controls. The association of the
methylation level between two LINE-1 loci was found to be
highest if they were located in the same gene (Phokaew et al.
2008). Therefore, in addition to evolutionarily derived
classifications, LINE-1 hypomethylation in cancer can be
influenced by genomic location.

LINE-1 methylation regulates gene expression in cis

The notion that LINE-1 is methylated to prevent the process
of retrotransposition should be reevaluated. First, in the
human genome, less than 100 LINE-1s are retrotransposi-
tion competent, and only a few LINE-1s have been shown
to be responsible for retrotransposition events during
human evolution (Sassaman et al. 1997). Although a recent
study showed that LINE-1 retrotransposition may be
common (Lupski 2010; Beck et al. 2010), this evidence
fails to explain the methylation of the vast majority of
retrotransposition-incompetent LINE-1s. The human ge-
nome possesses thousands of 5" UTR-containing LINE-1s,
and most of them are methylated to a certain degree
(Chalitchagorn et al. 2004). It is unlikely that this
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Fig. 1 Effect of global hypomethylation in cancer. « Normal genomes
contain hypermethylated, partially methylated, and hypomethylated
LINE-1s. The methylation levels of each locus are regulated in a
location-dependent manner. b The cancer genome contains more
hypomethylated LINE-1s. Global hypomethylation decreases the
methylation status of many LINE-1 loci. However, there are some
loci that are not influenced and some loci that show increased
methylation levels. Local mechanisms are also present in cancer cells,
and some locations are affected by the process of carcinogenesis
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methylation provides a selective advantage to the cells by
preventing retrotransposition. The significant differences in
LINE-1 methylation levels between loci or cell types suggests
that LINE-1 methylation may be important to maintain normal
cellular function and that this function may be altered by the
global hypomethylation process that occurs in cancer.

The location-dependent LINE-1 methylation pattern in
normal cells suggests a role for epigenetic regulation.
Currently, there are at least two reported mechanisms for
how LINE-1 methylation regulates gene expression in cis.
Both mechanisms are dependent on the transcriptional
activity of the LINE-1 promoter. Moreover, similar to other
promoters, the LINE-1 5" UTR promoter is controlled by
DNA methylation, and the transcription activity of a LINE-
1 element is directly correlated with its hypomethylation
level (Aporntewan et al. 2011). The first mechanism is that
LINE-1-mediated control of gene expression is through the
production of unique RNA sequences (Fig. 2). The other
mechanism is that intragenic LINE-1 RNAs repress host
gene expression via the nuclear RNA-induced silencing
complex (RISC; Fig. 3).

There are two ways for the LINE-1 promoter to produce
unique RNA sequences (Fig. 2). The 5' UTR of LINE-1 is a
promoter that transcribes in both the forward and reverse
directions (Matlik et al. 2006; Weber et al. 2010; Speek
2001; Wolff et al. 2010; Rangwala et al. 2009). If the
transcription is in the forward orientation, then the promoter
produces LINE-1 RNA. However, the poly-A addition
signal of LINE-1 does not always function. Consequently,
many LINE-1 transcripts can continue beyond the end of
the LINE-1 sequence, therefore resulting in 3’ transduction
(Moran et al. 1999; Rangwala et al. 2009). These
transduction sequences are unique RNA sequences gener-
ated by the LINE-1 promoter. On the other hand, LINE-1 5’
transduction that occurs by reverse transcription will also
produce unique RNA sequences. A large number of these
transduction sequences have been reported (Rangwala et al.
2009); however, there are currently only two examples that
prove that these sequences are increased by LINE-1
hypomethylation (Weber et al. 2010; Wolff et al. 2010;
Aporntewan et al. 2011).

Intragenic LINE-1 regulation of host gene expression
was revealed by the finding that in vitro insertion of a full-

Fig. 2 LINE-1 can produce two

types of unique RNA sequences. 5’
One type of unique sequence is
the result of LINE-1 RNA tran- 5

scription proceeding beyond the
LINE-1 sequence. The other

length LINE-1 disrupted host gene expression (Han et al.
2004). In vivo, this gene regulation is tuned by LINE-1
methylation levels (Aporntewan et al. 2011). When LINE-1
methylation levels were reduced by chemical treatment or
by carcinogenesis, a significant number of genes containing
LINE-1s were repressed (Fig. 3a—c). The degree of this
repression was inversely correlated with the intragenic
LINE-1 methylation level. The role of LINE-1 methylation
is to prevent the formation of a pre-mRNA-LINE-1-RNA
complex. If the complex is formed, then the RISC protein
AGO2 will bind and prevent mRNA production (Fig. 3;
Aporntewan et al. 2011).

Comparative sequence analysis between intragenic and
intergenic LINE-1s showed multiple conserved nucleotides
in intragenic LINE-1s that are crucial for maintaining
LINE-1 transcription and methylation (Aporntewan et al.
2011). Moreover, many LINE-1s are excluded from
genomic regions containing housekeeping genes (Eller et
al. 2007; Graham and Boissinot 2006). Therefore, locations
of LINE-1s yield a selective advantage for human evolu-
tion. It is important to note that the diploid human genome
contains an extensive amount of structural variation due to
retrotransposition events (Huang et al. 2010; Ewing and
Kazazian 2011). Consequently, variation in the expression of
many genes may be due to the distinctive locations of heritable
LINE-1s, and similar to other DNA polymorphisms, some
LINE-1 insertions are polymorphisms that lead to certain
disease-related phenotypes. LINE-1 hypomethylation may
also control gene expression in frans. In some cancer cells,
inhibition of LINE-1 reverse transcriptase can alter the
expression of many genes (Carlini et al. 2010).

LINE-1 hypomethylation and genomic instability
in cancer

In addition to a number of association studies (Ji et al.
1997; Lu and Randerath 1984; Daskalos et al. 2009), the
high risk of chromosomal abnormalities in individuals with
hereditary mutations in DNA methyltransferase genes
indicates that global hypomethylation promotes genomic
instability (Hansen et al. 1999; Eden et al. 2003). However,
the underlying mechanisms of how DNA methylation

L1 RNA

Unique sequence

type occurs when the reverse
LINE-1 promoter transcribes
unique DNA sequences located
beyond the 5’ end of LINE-1
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maintains genomic integrity are not yet known. Current
reports suggest that LINE-1 hypomethylation leads to
several events that promote genomic instability, including
retrotransposition, endogenous DNA double-strand break
(EDSB) repair, and the dysregulation of DNA repair genes.

The process of LINE-1 retrotransposition includes RNA
transcription, protein translation, DNA restriction, reverse
transcription, and integration (Moran 1999). This retrotrans-
position usually produces large DNA rearrangements (Huang
et al. 2010; Gilbert et al. 2002). Recently, an advanced
LINE-1 junction sequencing technique showed that somatic
L1 insertions occur at high frequency in human lung cancer
genomes (Iskow et al. 2010). Therefore, LINE-1 hypome-
thylation in cancer may increase the retrotransposition
activity of some LINE-1s and consequently cause a faster
rate of DNA rearrangement. However, many DNA rear-
rangements occur in cancer cells that are not LINE-1
retrotransposition events. Therefore, LINE-1 retrotransposi-
tion contributes to only a small proportion of mutations in
cancer. Moreover, there are only a few reports that
retrotransposition events can produce clonal expansion
mutations (Miki et al. 1992). Finally, the loss of the
methylation of non-retrotransposable repeats, such as satellite
DNA, also promotes chromosome translocation (Maraschio
et al. 1988; Ji et al. 1997). Therefore, LINE-1 retrotranspo-
sition may not be the major mechanism causing somatic
mutation in cancer by global hypomethylation.

The second mechanism is the differential repair of
methylated and unmethylated replication-independent EDSBs
(RIND-EDSBs; Kongruttanachok et al. 2010). RIND-EDSBs
are different from replication-dependent EDSBs and
environmental- or radiation-induced DSBs. Replication-
dependent EDSBs and radiation-induced DSBs, if unre-

paired, lead to cell death. In contrast, RIND-EDSBs are
ubiquitously present in all cells and always involve hyper-
methylation (Pornthanakasem et al. 2008). This occurrence
indicates a time lag between methylated RIND-EDSB
production and repair (Kongruttanachok et al. 2010).
RIND-EDSBs can be produced within both methylated and
unmethylated genomes. Methylated RIND-EDSBs are selec-
tively repaired by the more precise ataxia telangiectasia
mutated (ATM)-dependent non-homologous end joining
repair process (Kongruttanachok et al. 2010). Therefore, the
RIND-EDSB repair process of hypomethylated genomes is
faster and more error-prone. Because the LINE-1 methyla-
tion levels of each locus are distinct, the mutation rate caused
by RIND-EDSB repair errors is dependent on the methyla-
tion status of the genome near the EDSBs. Currently, there
are only two reports focused on RIND-EDSBs (Pornthanakasem
et al. 2008; Kongruttanachok et al. 2010). Further studies are
needed to explore the causes and roles of RIND-EDSBs and to
determine how genomic hypomethylation promotes instability.

A third possible mechanism is that LINE-1 hypomethy-
lation down-regulates DNA repair genes. One of these
genes is PPP2R2B, which contains intragenic LINE-1s. In
cancer, these LINE-1s are frequently hypomethylated and
PPP2R2B is frequently down-regulated (Aporntewan et al.
2011). One of the functions of PPP2R2B is to increase
nuclear ATM protein (Suyarnsestakorn et al. 2010). ATM is
a serine/threonine protein kinase that is important in the
activation of the DNA damage checkpoint, leading to cell
cycle arrest, DNA repair, or apoptosis (Mavrou et al. 2008).
A lack of ATM promotes genomic instability (Kim et al.
2002). Therefore, LINE-1 hypomethylation may indirectly
promote genomic instability by interfering with ATM
function.
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LINE-1 methylation patterns in normal and cancer cells

It is commonly assumed that LINE-1 elements in normal
cells are completely methylated. Combined bisulfite restric-
tion analysis or COBRA, deep sequencing, and microarray
analysis demonstrated that the genomic distribution of the
methylation of LINE-1s and other IRS loci is not
homogenous (Phokaew et al. 2008; Xie et al. 2009, 2011;
Szpakowski et al. 2009). The methylation levels of LINE-1
loci can be divided into three groups: hypermethylated,
partially methylated, and hypomethylated (Pobsook et al.
2011). Classification is based on the number of methylated
and unmethylated CpG dinucleotides (Fig. 1). In normal
cells, the majorities of LINE-1 loci are hypermethylated or
partially methylated. Few LINE-1 loci are hypomethylated.
Comparisons between normal white blood cells and normal
oral epithelium showed that even though LINE-1 methyl-
ation levels are different, the number of hypomethylated
loci was not distinguishable between the two normal tissues
(Fig. 4). Therefore, the differences in methylation levels
between normal cell types are primarily influenced by the
number of hypermethylated and partially methylated loci.
In cancer cells, the methylation of a majority of LINE-1
loci is decreased, with some loci remaining unchanged and
a few being increased when compared with normal cells.
Thus, the number of hypomethylated loci is increased in
cancer cells (Fig. 4).
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Fig. 4 Examples of LINE-1 methylation patterns in three cells. The
number of LINE-1 loci and the methylation levels were approximated
from the average levels of a previous report (Pobsook et al. 2011).
Type I normal cells (a), type II normal cells (b), and cancer cells (c)
possess LINE-1 methylation levels of 60.87%, 56.52%, and 44.44%,
respectively. Even though different normal cell types contain different
methylation levels, the numbers of partially methylated, hypermethy-
lated, and hypomethylated loci were not different. Cancer cells
showed lower methylation levels and a lower number of partially
methylated loci, but a higher number of hypomethylated LINE-1 loci

@ Springer

A recent report showed distinctive characteristics of
LINE-1 partial methylation that was dependent on malig-
nant transformation (Pobsook et al. 2011). In normal cells,
the number of partially methylated LINE-1 loci in each
sample was directly correlated with the number of
hypomethylated loci, but was inversely associated with
the number of hypermethylated loci. This result suggested
that a dynamic form of LINE-1 epigenetic modification,
between partial methylation and hypermethylation, is
present in normal cells. Because hypomethylated LINE-1s
were not distinguishable between different types of normal
cells, the dynamic between the partially methylated and
hypermethylated forms may be the cause of the variation in
LINE-1 methylation levels between normal cell types.
Moreover, the more partially methylated loci may represent
the lower LINE-1 methylation level. In contrast, in the
cancer genome, the number of partially methylated LINE-
Is was directly correlated with the number of hyper-
methylated LINE-1s. Therefore, in striking contrast to the
normal genome, partially methylated LINE-1 loci represent
a subset of methylated LINE-1s in cancer cells (Pobsook et
al. 2011). Current PCR-based techniques, by real-time
quantitative PCR, COBRA, and pyrosequencing, determine
LINE-1 hypomethylation levels by combining all unmethy-
lated CpG nucleotides from both partially methylated or
hypomethylated loci (Xiong and Laird 1997; Laird 2010;
Weisenberger et al. 2005; Yang et al. 2004). Therefore, the
sensitivity in distinguishing cancer DNA is low. Pobsook et
al. (2011) also showed that excluding partial methylation
loci from the count of hypomethylated LINE-1 loci
improved the sensitivity and specificity of cancer DNA
detection.

From biology to clinical application and future direction
of LINE-1 hypomethylation in cancer

Understanding how LINE-1 methylation levels change
during multistep carcinogenesis has implications for
diagnostic applications. Several LINE-1 and other IRS
methylation studies have shown that global hypomethy-
lation is a common epigenetic change in cancer
(Table 1). Moreover, this process is directly correlated
with cancer progression. Therefore, lower LINE-1 meth-
ylation levels have been shown to be associated with
higher cancer stages and may also be a promising marker
for the prognostic prediction of many cancers (Table 2
and ESM Table 1). Global methylation changes initiate
early, and the genome becomes progressively hypo-
methylated during the process of multistep carcinogene-
sis. Therefore, LINE-1 and other IRS hypomethylation
levels are candidate tumor markers for cancer (Table 2
and ESM Table 1).
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There is a technical advantage to using PCR-based
assays to measure IRS methylation levels. Multiple copies
of IRSs are present in the genome; therefore, this detection
method is highly sensitive even in poor-quality clinical
DNA samples. These clinical samples include paraffin-
embedded sections, plasma, and other fluid or washes, such
as oral rinses (Chalitchagorn et al. 2004; Tangkijvanich et
al. 2007; Aparicio et al. 2009; Subbalekha et al. 2009)
(Vaissiere et al. 2009). LINE-1 hypomethylation was also
detected in the white blood cells of cancer patients
(Hsiung et al. 2007; Wilhelm et al. 2010). The source of
the hypomethylated cells in cancer patients still needs to
be identified to determine whether these cells are from
cancer cells or from normal cells with systemic hypo-
methylated LINE-1s. Nevertheless, this evidence suggests
that LINE-1 methylation is a promising marker in cancer
risk prediction.

Cells must have a correct amount of LINE-1 methylation
to maintain their physiological functions (Aporntewan et al.
2011). Consequently, there is a wide range of LINE-I1
methylation levels found in normal cells, depending on cell
type (Chalitchagorn et al. 2004). This methylation range
leads to low specificity when using LINE-1 hypomethyla-
tion as a cancer screening marker. The ability to distinguish
between normal and tumor DNA is low, particularly
because clinical samples, including plasma, mouth washes,
or Papanicolaou smears, are routinely contaminated with
DNA from several normal cell types. LINE-1 methylation
pattern analysis demonstrated unprecedented characteristics
of LINE-1 partial methylation in normal cells and in the
cancer global hypomethylation process (Pobsook et al.
2011). The interchangeable pattern between LINE-1 hyper-
methylation and partial methylation is a mechanism that
may result in different LINE-1 methylation levels in normal
cells (Pobsook et al. 2011). In cancer, global hypomethy-
lation is observed because of the loss of methylation of
previously hypermethylated and partial methylated loci.
Most PCR-based LINE-1 methylation measurement tech-
niques cannot differentiate unmethylated CpG dinucleo-
tides of partially methylated LINE-1s from unmethylated
LINE-1s. There was a recent report using COBRA to
classify LINE-1s into the three classes. This report
showed that the number of unmethylated LINE-1 loci
was a more sensitive and specific marker than LINE-1
methylation level to detect cancer DNA in mouthwash
samples (Pobsook et al. 2011). It may be interesting to
compare the number of unmethylated LINE-1 loci with
LINE-1 methylation levels in other clinical samples.
Moreover, it may be worth exploring whether changes in
partially methylated LINE-1 loci can be observed in, and
are able to predict, malignant transformation in pathological
lesions in the very early stages of carcinogenesis or tissues in
patients at risk of developing cancer.

Although the methylation of a majority of LINE-1 loci is
reduced in cancer, some loci are unchanged. Currently,
there are several advanced genomic techniques, including
deep sequencing (Xie et al. 2009; Xie et al. 2011) and
custom-made microarrays (Szpakowski et al. 2009), that are
capable of measuring the methylation level of each LINE-1
or IRS locus. These approaches identified certain classes of
LINE-1s and IRSs that more frequently show loss of
methylation in cancer. Improved deep sequencing techni-
ques will be able to determine the proportions of the three
LINE-1 methylation classes at each LINE-1 locus. It is
important to reevaluate the clinical significance of LINE-1
methylation by these advanced techniques. These methods
should help define the relevant LINE-1 locations, sequen-
ces, and methylation patterns that are specific to carcino-
genesis. Moreover, some intragenic LINE-1 loci are
methylated cis-regulatory elements of their host genes
(Aporntewan et al. 2011). Altered expression of these
genes may lead to certain cellular phenotypes and clinical
presentations. Genome-wide arrays or deep sequencing
may be used to design promising new sets of methylated
LINE-1 PCR-based techniques specifically aimed for the
classification of the epigenome of the tumor phenotype.

Interestingly, some pathological lesions with increased
potential for malignant transformation, such as myelodys-
plastic syndrome lesions, liver cirrhosis, and partial
hydatidiform moles, possess LINE-1 hypermethylation
(Takai et al. 2000; Romermann et al. 2007; Perrin et al.
2007). Further descriptive studies of other lesions, genomic
distributions, and methylation patterns will clarify in detail
whether this epigenetic process occurs during the early
steps of LINE-1 hypomethylation in cancer. It is important
to note that genome-wide hypomethylation in cancer can
result in hypermethylated LINE-1s at some loci (Fig. 4;
Phokaew et al. 2008). If LINE-1 hypermethylation and
hypomethylation are present at the same loci in premalig-
nant tissues and cancer, this finding would be a break-
through by showing that epigenomic changes precede
genetic changes during carcinogenesis. Detailed molecular
biological approaches to explain how LINE-1 methylation
fluctuates from hypermethylation to hypomethylation will
be important to understand the development of global
hypomethylation in cancer.

Finally, global hypomethylation mechanisms may be
crucial for future cancer prevention and treatment. Genome-
wide hypomethylation is common, occurs at an earlier stage
of carcinogenesis, and is still an active process in most
cancers (Tables 1 and 2 and ESM Table 1). Global
hypomethylation is an epigenomic process that leads to
cellular phenotypic changes. LINE-1 hypomethylation in
cancer alters the expression of a large number of genes.
Therefore, this epigenomic alteration should be an impor-
tant target for future cancer prevention strategies. More-
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over, unlike mutation, hypomethylation is reversible.
Therefore, global hypomethylation in cancer is a candidate
for new cancer treatments in the future.
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Background: Recently, we classified LINE-1 loci according to their methylation statuses and found that the
percentage of hypomethylated LINE-1 loci (“C"C) can differentiate between the peripheral blood mononucle-
ar cells (PBMCs) of oral cancer patients and normal controls with a higher specificity and sensitivity than
overall methylation levels. Here, we evaluated the LINE-1 methylation levels and patterns in PBMCs from
patients with cancers of the nasopharynx, lung, liver, bile duct, breast and colon.

Methods: Combined Bisulfite Restriction Analysis (COBRA) of LINE-1 loci was performed to examine the LINE-
1 methylation statuses of PBMCs from 216 cancer patients with 6 different types of cancer compared with
144 normal controls.

Results: Only colorectal and nasopharyngeal cancer samples were found to have lower levels of overall LINE-1
methylation compared with normal controls (p<0.0001 and p=0.0022). However, %"C"C in cancers of the
colon, liver, lung and nasopharynx was significantly higher compared with normal controls (p<0.0001,
p<0.0001, p=0.01 and p=0.001, respectively). Furthermore, ROC curve analyses of these four cancer
types also demonstrated the potential of %"C“C as a biomarker for cancer diagnosis.

Conclusion: Changes in the levels and patterns of genome-wide methylation of PBMCs are associated with
cancer risk. For LINE-1, %"C"C is a more effective tumour marker for determining cancer risk than overall

methylation levels.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Epigenetic alterations are an important characteristic of carcino-
genesis [1,2]. Hypermethylation of the promoters of specific genes
and genome-wide DNA hypomethylation have been studied in most
cancer types [3]. Genome-wide DNA hypomethylation is produced by
the reduction of 5-methyldeoxycytosine at CpG-dinucleotide sites
throughout the whole genome, particularly in repetitive DNA se-
quences [4,5]. LINE-1 is one type of repetitive sequence that is dispersed
throughout approximately 17% of the entire genome [6,7]. Consequent-
ly, LINE-1 methylation is widely considered to comprise the significant
proportion of genome-wide methylation [2,8,9]. LINE-1 hypomethyla-
tion is correlated with genetic changes during carcinogenesis, including
the following: genomic instability [10-14], hypermethylation and mu-
tation of tumour-suppressor genes [12,15], alternate transcription of
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oncogenes [16] and the deregulation of cancer genes [17,18]. Therefore,
many studies have hypothesised that LINE-1 methylation is a potential-
ly useful tool as a universal tumour marker for the detection of cancer
DNA [8].

Currently, LINE-1 methylation levels are mostly studied by com-
paring DNA from tumour tissues to DNA from histologically normal
tissues of the same original cell type. However, the processes used
to obtain these tissues are difficult and invasive. On the contrary,
some studies have used blood samples, which are capable of reflecting
the genetic and epigenetic alterations in primary tissues [19-21];
obtaining blood samples is also a simple, gentle and noninvasive proce-
dure. Therefore, blood samples may be a suitable “surrogate” specimen
for assessing cancer susceptibility. Moreover, lower LINE-1 methylation
levels in blood samples have been correlated with increased risks for
various types of cancer such as the following: head and neck cancer,
oral cancer [22,23], gastric cancer [24] and bladder cancer [25,28]; on
the other hand, LINE-1 methylation levels are observed to be higher in
renal cell carcinomas [26].

LINE-1 methylation has been shown to have a different level in each
locus of genome [27]. For this reason, we classified the methylation
statuses of LINE-1 loci using Combined Bisulfite Restriction Analysis
(COBRA) to determine the methylation pattern of the 2 CpG dinucleo-
tides in each LINE-1 sequence [23]. This technique differentiated LINE-
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1 sequences into 4 methylation-status categories: hypermethylated,
hypomethylated, and 2 forms of partially methylated loci [23]. We
also show that, unlike the case with overall LINE-1 methylation levels,
the percentage of hypomethylated loci (%"“C"C) can be used to signifi-
cantly distinguish between normal PBMCs and PBMCs from oral squa-
mous cell carcinoma patients [23]. In the present study, we extended
our analyses of LINE-1 methylation levels and patterns to PBMCs from
patients with six different types of cancer, including cancers of naso-
pharynx, breast, liver, bile duct, lung and colon.

2. Materials and methods
2.1. Recruited subjects

Two hundred and sixteen cancer patients and 144 normal controls
were enrolled in this study. All cancer patients were admitted to the
National Cancer Institute of Thailand; this group was composed of pa-
tients with pathologically diagnosed cancers of six types: the invasive
ductal carcinoma of breast cancer, the adenocarcinoma of colorectal
cancer, cholangiocarcinoma, hepatocellular carcinoma, the squamous
cell carcinoma of lung cancer and nasopharyngeal cancer. Each cancer
type was represented by an equal number of patients (n=36). The
demographic data and clinical stages of the patients were determined
using the patient's charts (Table 1).

As a normal control group, cancer-free subjects were randomly select-
ed from the urban area of Bangkok; the normal control group consisted of
72 women and 72 men (mean age 4-SD=48.67 4-12.10 years). They
were asked to complete questionnaires concerning their medical and
family histories to confirm that they were free of cancer. This study was
approved by the Ethics Committee of the National Cancer Institute of
Thailand.

2.2. DNA extraction and bisulfite modification

Heparinised blood samples were collected. Following fraction-
ation of the samples into plasma, buffy-coat and erythrocyte, DNA
was extracted from peripheral-blood buffy coats using the QIAamp®
DNA Blood Mini Kit (Qiagen, Hilden, Germany). A total of 1 ug DNA
was used in the bisulfite treatments. Bisulfite modification of genomic
DNA was performed according to a previously published method [23].
Briefly, 1 ug DNA was dissolved in 50 pl distilled water and then dena-
tured in 5.5l of 2 M NaOH for 10-30 min at 37 °C. Next, 30 pl of
freshly prepared 10 mM hydroquinone (Sigma-Aldrich, Singapore)
and 520 ul of 3 M sodium bisulfite (pH 5.0) were added and the
solutions were mixed, followed by incubation at 50 °C for 16 h. The
bisulfite-treated DNA was recovered using the Wizard DNA Clean-Up
Kit (Promega, Madison, WI) according to the manufacturer's protocol.
The DNA was then eluted with 50 pl of warm water and desulfonated
with 5.5 ul of 3 M NaOH for 5 min. Following elution, the DNA was
precipitated with sodium acetate and ethanol (according to standard
procedures) using glycogen as a carrier, and the pellets were

Table 1
Demographic data from normal controls and cancer patients.

Total (n) Male (n) Female (n) Age (mean4S.D.)

Normal (male + female) 144 72 72 48.67 £12.10
Normal (male) 72 72 0 49.63 +14.32
Normal (female) 72 0 72 47.72 +9.39
Breast cancer 36 0 36 50.28 + 8.64
Colorectal cancer 36 26 10 59.47 +9.30
Cholangiocarcinoma 36 27 9 58.174+7.74
Hepatoma 36 22 14 55.67 +£10.36
Lung cancer 36 29 7 52.50+12.77
Nasopharyngeal carcinoma 36 32 4 48.19+12.29
All six cancer types 216 136 80 5403 +11.04

resuspended in 20yl of water. The bisulfite-treated DNA samples
were stored at — 20 °C until use.

2.3. COBRA-LINE-1

Polymerase chain reactions (PCRs) were performed as described
elsewhere [9,23]. Primers were designed to be specific to nucleotides
in the regulatory region of the LINE-1 sequence (GenBank: M80343).
The bisulphite-treated DNA samples were subjected to 40 cycles of am-
plification using the LINE-1-F (5'-CCGTAAGGGGTTAGGGAGTTTTT-3")
and LINE-1-R (5’-RTAAAACCCTCCRAACCAAATATAAA-3’) primers at
an annealing temperature of 50 °C. Next, the LINE-1 amplicons
(160 bp in length) were digested with the Tagl and TasI restriction en-
zymes in NEB buffer 3 (New England Biolabs, Ontario, Canada) at
65 °C overnight. The PCR-digested products were then run on a non-
denaturing 8% polyacrylamide gel. Subsequently, the gel was stained
using the SYBR green nucleic-acid stain. All specimens were assayed
in duplicate. DNA templates from HeLa, Jurkat and Daudi cell lines
were used as positive controls in each experiment as well as for
interassay-variation normalisation.

2.4. LINE-1 methylation analysis

We classified LINE-1 loci into four groups depending on the meth-
ylation status of the 2 CpG dinucleotides in the 5’ and 3’ of the se-
quence, as detected by COBRA. These four groups were as follows:
(1) LINE-1 loci containing 2 unmethylated CpGs (“C“C); (2) LINE-1
loci containing 2 methylated CpGs (™C™C); (3) LINE-1 loci containing
5’-methylated and 3’-unmethylated CpGs (™C"C); and (4) LINE-1 loci
containing 5’-unmethylated and 3’-methylated CpGs (“C™C) (Fig. 1A,
B). LINE-1 methylation levels and the percentage of loci from each
class were calculated using the COBRA-digested LINE-1 products.
The intensities of the COBRA-LINE-1 bands were measured using a
phosphorimager and the ImageQuant Software (Molecular Dynamics,
GE Healthcare, Slough, UK). Following enzymatic digestion, the
COBRA-LINE-1 amplicons were separated into 5 DNA fragments of
differing lengths: 160, 98, 80, 62 and 18 bp. The 18 bp fragment was
not used in the following calculations. The methylation state of the
160 bp fragments was ™C"C. The methylation state of the 98 bp frag-
ments was “C"C. The methylation states of the 80 bp fragments were
a mixture of ™C™C and “C™C. Finally, the methylation states of the
62 bp fragments were a mixture of "C"C and "C™C (Fig. 1C). To calculate
the number of CpG dinucleotides from the intensity of each band, the
intensity of each band was divided by the number of double-stranded
bp of DNA sequence as follows: A=160 bp fragment intensity/160;
B=98 bp fragment intensity/94; C=80bp fragment intensity/79;
and D =62 bp fragment intensity/62. Next, LINE-1 methylation levels
were calculated according to the following formulas: LINE-1 methyla-
tion level percentage=100x (C+A)/(C+A+A+B-+D); percentage
of ™C"C loci ($™C"C)=100x (A)/(((C—D+B)/2)+A+D); percent-
age of “C™C loci (%"C™C)=100x(D—B)/((C—D+B)/2)+A+D;
percentage of “C"C loci (%“C"C)=100xB/(((C—D+B)/2)+A+D);
and percentage of ™C™C loci (%™C™C)=100x((C—D+B)/2)/(((C—
D+B)/2)+D+A). Fig. 1D shows an example pattern of a number of
LINE-1 loci in both normal and cancer cells.

2.5. Statistical analyses

All statistical analyses were performed using SPSS software for
Windows, version 17.0 (SPSS Inc., Chicago, USA). An independent
sample t-test was performed to determine significant differences be-
tween LINE-1 methylation levels in PBMCs from cancer patients com-
pared with normal controls. All p values are two-sided, and p values
less than 0.05 were considered to be statistically significant. A
receiver-operating characteristic (ROC) curve analysis was performed
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Fig. 1. The methylation patterns of LINE-1 loci detected using COBRA PCR. A: The 5’ UTR of the LINE-1 sequence contains 2 CpG-dinucleotide loci, for which there are 4 possible
methylation patterns of the detected LINE-1 sequences (one cell contains 2 alleles). ‘M’ represents methylated cytosines and ‘U’ represents unmethylated cytosines in the LINE-
1 sequence. COBRA-LINE-1 separated the amplified LINE-1 into 4 products: ™C™C, “C"C, ™C"C and “C™C. B: Following bisulfite treatment, unmethylated cytosine bases were con-
verted to uracil bases, but the methylated cytosine bases remained unchanged, leading to either loss or retention of CpG-containing restriction-enzyme sites, respectively. C: The
PCR products were cut with Taql and Tasl restriction enzymes. Taql-positive PCR products yielded two 80 bp DNA fragments, while TasI-positive fragments yielded 62 and 98 bp
fragments. D: A schematic representation comparing the LINE-1 methylation levels between normal PBMCs and PBMCs from oral cancer patients. Hollow circles indicate unmethy-
lated CpGs; dark circles indicate methylated CpGs.

Fig. 2. A comparison of the percentages of the LINE-1 methylation levels in PBMCs from normal controls and all six types of cancer patients. A: The overall LINE-1 methylation.
B: Each LINE-1 methylation pattern. Shown are box plots of the LINE-1 methylation levels observed in the patient samples. Black horizontal bars represent the median (IQR).
‘MC represents the overall levels of LINE-1 methylation; “"C™C’ and ““C"C’ represent hyper- and hypomethylated LINE-1 loci, respectively; and ‘"C"C" and ‘“C™C’ represent partially
methylated LINE-1 loci.
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Fig. 3. The percentages of each LINE-1 methylation pattern in PBMCs among the nor-
mal controls and the six types of cancer patients. Shown are box plots of the LINE-1
methylation levels observed in the patient samples. Black horizontal bars represent
the median (IQR). One asterisk and four asterisks indicate statistical significances of
p=0.022, and p<0.0001, respectively.

to verify the ability of COBRA-LINE-1 methylation status to differenti-
ate between the PBMCs of cancer patients and normal controls.

3. Results

3.1. LINE-1 methylation in the PBMCs of cancer patients and normal
controls

We analysed LINE-1 methylation levels and patterns in the PBMCs
of patients with nasopharynx, breast, liver, bile duct, lung or colon
cancers. The LINE-1 methylation level in the normal controls was sig-
nificantly higher than those observed in all six types of cancer pa-
tients (p<0.0001) (Fig. 2A). Among the six cancer types, the LINE-1
methylation levels in PBMCs from patients with colorectal and naso-
pharyngeal carcinomas were lower (p<0.0001 and p =0.022, respec-
tively) compared with the normal controls (Fig. 3).

3.2. The patterns of LINE-1 methylation in PBMCs from cancer patients
and normal controls

Next, we examined the LINE-1 methylation patterns. By comparing
the methylation patterns of the normal controls to the patterns of the
six types of cancer, the %"C™C and %"“C“C patterns were observed to

Fig. 4. The percentages of each LINE-1 methylation pattern in PBMCs among the normal controls and the six types of cancer patients. Shown are box plots of the LINE-1 methylation
levels observed in the patient samples. Black horizontal bars represent the median (IQR). Two asterisks, three asterisks and four asterisks indicate statistical significances of

p=0.01, p=0.001 and p<0.0001, respectively.
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be significantly different (p =0.013 and p<0.001, respectively), while
the %™C™C and %™C"C patterns were not (Fig. 2B).

In particular, unlike the other patterns, the %"C"C pattern could be
used to distinguish normal controls from patients with colorectal can-
cer (p<0.0001), hepatoma (p<0.0001), lung cancer (p=0.01) and
nasopharyngeal carcinoma (p =0.001) (Fig. 4). However, no signifi-
cant correlations between methylation levels and staging or %"C“C
and staging were observed.

3.3. The sensitivity and specificity of LINE-1 methylation as a biomarker
of cancer

To evaluate the potential use of LINE-1 analysis as a biomarker, we
performed ROC curve analysis. Based on all of our data, we deter-
mined several significant tests and we reported the optimal cut-off
values, sensitivities, specificities and the areas under the curve
(AUCs). As shown in Fig. 5, LINE-1 methylation level (™C) was suit-
able for detecting colorectal cancer with a cut-off value of 38.32%
(AUC=0.755; sensitivity =52.78%; specificity =86.81%). Meanwhile,
%"C"C was more effective at detecting cancers of the liver, colon, naso-
pharynx and lung with cut-off values of 41.15%, 41.40%, 38.60% and
37.15%, respectively (AUCs = 0.755, 0.725, 0.747 and 0.769, respective-
ly; sensitivities =55.56%, 47.22%, 80.56% and 86.11%, respectively; and
specificities = 89.58%, 90.97%, 68.06% and 54.17%, respectively).

4. Discussion

The methylation statuses of the CpG dinucleotides detected using
COBRA LINE-1 were in direct agreement with other CpG dinucleotides
of LINE-1 sequences [27]. Therefore, we conclude the LINE-1 classes
identified using COBRA LINE-1 accurately represent the methylation
statuses of the LINE-1 sequences. The patterns “C"C and ™C™C repre-
sent hypomethylated and hypermethylated LINE-1 loci, respectively.
COBRA-LINE-1 is also able to measure the percentage of the 2 types
of partially methylated LINE-1 loci (“C™C and ™C"C) as well.

The LINE-1 methylation level was less effective at detecting cancer
DNA when contaminated with large amounts of normal DNA, partic-
ularly from a variety of sources. Our previous report [23] demonstrat-
ed that %“C"C was a more specific and sensitive metric than
methylation level for detecting oral cancer DNA from an oral rinse
[23]. The %"C"C value was also a better metric for differentiating the
PBMCs of oral cancer patients from the PBMCs of normal controls.
Here, we tested 6 more cancer types. Breast, lung, colon and liver can-
cers are common worldwide. Nasopharyngeal carcinoma is common

in southern China, and cholangiocarcinoma is common in the north-
ern and north-eastern parts of Thailand. The findings of this report
are similar to those we published previously [23]; while LINE-1 meth-
ylation levels were significantly different in only 2 of the 6 types of
cancers tested; %"CYC was able to significantly differentiate four
cancer types.

Genome-wide hypomethylation is a molecular feature of cancer
tissues, and several studies have reported reduced levels of LINE-1
methylation in primary-cancer tissues and PBMC-derived DNA [8], in-
cluding samples from head and neck cancer [22,23], bladder cancer
[25,28] and gastric cancer [24]. LINE-1 hypermethylation was associ-
ated with both an increased risk of renal cancer [26] and a decreased
risk of cervical intraepithelial neoplasia [29]. There is still no clear
evidence that these changes in methylation are due to interactions
between PBMCs and cancer tissues or that these PBMCs are contami-
nated with circulating cancer cells. Regardless, it will be interesting to
further explore the LINE-1 methylation statuses of non tumourous
cells from cancer patients.

To date, there have been several reports that measured LINE-
methylation levels under several conditions [8]. Here, we show that
2 PBMC-associated cancers are characterised by changes in LINE-1
methylation patterns but not in overall methylation levels. Therefore,
we believe that many studies that reported no significant changes in
LINE-1 methylation levels likely failed to identify existing cryptic
changes in LINE-1 methylation patterns. Because these patterns
could alter the biology of these cells [8], we suggest revisiting some
earlier “negative” studies [9,30-35] to reanalyse the methylation pat-
terns of LINE-1 loci using COBRA.

In conclusion, we investigated LINE-1 methylation levels and pat-
terns in the PBMCs of six types of cancer. Significant LINE-1 hypo-
methylation was detected in colon and nasopharyngeal carcinoma
compared with controls. When the LINE-1 loci were grouped into
four classes based on methylation patterns, distinctive patterns of
hypomethylation were revealed in cancers of the colon, liver, lung
and nasopharynx. Therefore, we conclude that both the levels and
patterns of LINE-1 methylation in PBMCs can be associated with
cancer risk but that %“C"C is a more promising biomarker for tumours
than overall methylation levels.
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