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Sequences of human endogenous retroviruses (HERVs) are mem-
bers of the long terminal repeat (LTR) retrotransposon family. 
Although the expression of HERV has long been a topic of inves-
tigation, HERV-insertion polymorphisms are not well known, 
and a genetic association between HERV-insertion polymor-
phisms and cancer has never been reported. To identify novel 
HERV loci in the genome from cancer tissues, we carried out the 
inverse PCR method targeting a conserved LTR region of HML-
2, which is the most recently acquired HERV group. Novel two 
insertions, HML-2_sLTR(1p13.2) and HML-2_sLTR(19q12), were 
identi�ed as insertionally polymorphic solo LTRs. Furthermore, 
a signi�cant prevalence of HML-2_sLTR(1p13.2) homozygosity 
was detected in female never-smoking patients aged 60 years and 
over who had lung adenocarcinoma [versus the other genotyping; 
odds ratio (OR): 1.97; 95% con�dence interval (CI): 1.01–3.81]. 
In another cohort consisting of female never-smoking patients 
with lung adenocarcinoma, a prevalence of HML-2_sLTR(1p13.2) 
homozygosity tended to be high in patients aged 60  years and 
over (versus the other genotyping; OR: 2.03; 95% CI: 0.96–4.29), 
whereas a low prevalence of HML-2_sLTR(1p13.2) homozygosity 
was detected in patients <60  years old (versus the other geno-
typing; OR: 0.31; 95% CI: 0.11–0.94). Our results suggest that 
HML-2_sLTR(1p13.2) is involved with the susceptibility to lung 
adenocarcinoma in female never-smokers in an age-dependent 
manner and that other HERV polymorphisms related to human 
diseases might remain to be identi�ed in the human genome.

Introduction

Retrotransposons are known as mobile genetic elements that are com-
posed of ~42% of the human genome, and human endogenous ret-
roviruses (HERVs) are members of the long terminal repeat (LTR) 
retrotransposon family, accounting for ~8% of the human genome (1). 
Retroviral invasion of the host genome is mediated by the following 
three processes: infection of a host cell; reverse transcription of ret-
roviral RNA in the cytoplasm and integration of reverse-transcribed 
DNA into the host genome along with target site duplication (2). 
When the retroviral invasion occurs in the germ cell lines of human 

or human ancestors, the integrated DNA (known as a provirus) can be 
transferred to the next generation and is �nally named as an HERV 
after repeated vertical transfer. A complete HERV sequence contains 
two LTRs located at both ends and several open reading frames, 
such as gag, pro, pol and env, between the LTRs. A number of solo 
open reading frames and LTRs, the latter of which is caused by the 
deletional recombination of two LTRs, are also present in the human 
genome (3).

Intact LTRs possess transcriptional promoter and enhancer ele-
ments, such as a TATA box-like signal, hormone receptor-binding 
sites and enhancer core (4–6). Indeed, promoter and enhancer activi-
ties of an HERV LTR have been shown in human cell cultures (7). 
Thus, endogenous retroviruses can be involved in the transcriptional 
regulation of surrounding genes. Regarding their mobility, however, 
the reintegration of HERV in somatic cells has never been demon-
strated in contemporary human tissues. Almost all HERVs seem to 
lack retrotransposition activity because of the accumulation of muta-
tions within the HERV sequences over the course of millions of years. 
On the other hand, the de novo integration of the retrotranspositions 
of other species’ endogenous retroviruses and other human retrotrans-
posable elements, including Alu and LINE-1, have been reported 
(8,9). Notably, somatic L1 insertions occurred at high frequencies in 
human lung cancer genomes (10).

The HERV-K family is the most recently active HERV element. 
This family is thought to have integrated into the genome of the com-
mon ancestor of humans and Old World monkeys around 35 million 
years ago (11). Although a large number of insertion polymorphisms 
of Alu and LINE-1 have been identi�ed (12) and have been assigned 
in the dbRIP database (2569 Alu and 598 LINE-1 loci in hg19 assem-
bly) (13,14), few insertion polymorphisms of HERV-K have been 
reported (3,15). Only 11 insertion polymorphisms of HERV-K, all of 
which are either biallelic (preinsertion and provirus, or preinsertion 
and solo LTR) or triallelic (preinsertion, provirus and solo LTR), are 
known (Supplementary Table I, available at Carcinogenesis Online). 
Another biallelic pattern (provirus and solo LTR), which is not an 
insertion polymorphism and should instead be termed a deletion poly-
morphism, has also been presented.

The HERV-K family has 11 subgroups (HML-1 to HML-11), 
which are most closely related to mouse mammary tumor virus (3), 
and HML-2 is thought to be the most recently acquired subgroup (2). 
The integration of HML-2 appears to have occurred in germ line cells 
even after the human chimpanzee divergence, since human-speci�c or 
polymorphic insertions of HML-2 have been detected in the human 
genome (16). The youngest HERV provirus HERV-K113, a member 
of the HML-2 subgroup, is estimated to have integrated ~1 million 
years ago and has intact open reading frames for all viral proteins (17). 
Although retrotransposition activity of HML-2 has not been reported 
so far, the HERV elements that were reconstituted from consensus 
sequence of HML-2 proviruses showed the de novo retrotransposi-
tions in culture cells (18,19). Expressions of HML-2 were upregu-
lated in a variety of diseases, including ovarian cancers and melanoma 
(15). Np9 and Rec proteins, both of which are products from HML-2 
proviruses, have been reported to be interacted with a tumor-related 
protein (20). However, a genetic association between insertional poly-
morphisms of HML-2 and cancers has not been reported explicitly.

Globally, lung cancer is the leading and second leading cause 
of death from cancer in men and women, respectively, based on 
GLOBOCAN 2008 estimates (21). The main histological types of 
lung cancer are small-cell lung cancer and non-small-cell lung cancer. 
The major histological subtypes of non-small-cell lung cancer are 
squamous cell carcinoma, adenocarcinoma and large cell carcinoma. 
Lung squamous cell carcinoma and adenocarcinoma account for most 
lung cancers. Colorectal cancer is the fourth most common cause 
of death from cancer in both sexes and the second most commonly 

Abbreviations: CI, con�dence interval; EGFR, epidermal growth factor 
receptor; HERVs, human endogenous retroviruses; LTR, long terminal repeat; 
OR, odds ratio; SD, standard deviation.
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Novel polymorphic HERV associated with lung cancer

diagnosed cancer in women (21). Pathologically, the location of 
colorectal cancer (proximal or distal) is associated with various 
biological effects, such as a preferable incidence of tumors with 
sporadic chromosomal instability at distal sites (22,23). Thus, genetic 
association studies for susceptibility to lung squamous cell carcinoma 
and adenocarcinoma or to site-speci�c colorectal cancers are drawing 
the attention of many researchers in the �eld of cancer.

Here, we report the identi�cation of two novel insertion polymor-
phisms of an HML-2 solo LTR (HML-2_sLTR) using the inverse PCR 
method. Furthermore, we present, for the �rst time, an association 
between insertion polymorphisms of HERV and a susceptibility to 
cancer. Our �ndings suggest that other HERV polymorphisms related 
to cancers may remain to be found in the human genome.

Materials and methods

Specimens

The lung tissues used in the inverse PCR and genotyping experiments were 
obtained from eight patients undergoing surgery at Hamamatsu University 
School of Medicine, University Hospital. In Shizuoka non-concurrent study 
on lung cancer, the numbers of cases and controls were 213 and 587, respec-
tively. Cases were accrued at three hospitals located in Hamamatsu City or 
Iwata City (adjacent to each other), and controls were accrued at a hospital in 
Iwata City. Both the cases and controls were composed of a population aged 
60 years and over. In the Aichi cohort study for female never-smoking patients 
with lung adenocarcinoma, the numbers of age-matched cases and controls 
were 125 and 248, respectively. Detailed information regarding this cohort 
study can be obtained from a previous report (24). In the Fukuoka cohort study 
of colorectal cancer, the numbers of cases and controls were 683 and 778, 
respectively. Controls were randomly selected from the community using a 
frequency-matching protocol with respect to sex, age and residence. Detailed 
information regarding the colorectal cancer study can be obtained from previ-
ous reports (25–27). The clinical and demographical information of the cases 
and control in these studies was shown in Supplementary Tables II and III, 
available at Carcinogenesis Online. In the genotyping experiments, genomic 
DNA extracted from blood specimens was examined, except in Shizuoka case 
study for lung cancer, in which genomic DNA was extracted from normal lung 
tissues. Written informed consent was obtained from each individual patient.

Nested inverse PCR and genotyping PCR

Genomic DNA from tumor or normal lung tissues was extracted using the 
DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA). Then, 250 ng of 
genomic DNA was digested with NspI (New England Biolabs, Beverly, MA) 
at 37°C for >8 h. Following the inactivation of the restriction enzyme by heat-
ing at 65°C for 20 min, the DNA fragments were self-ligated with Ligation 
High Ver.2 (Toyobo, Osaka, Japan) at 4°C for >2 h. When using ApoI (New 
England Biolabs), the DNA was digested at 50°C, and the enzyme was inacti-
vated at 80°C. An equivalent to 10 ng of genomic DNA was used for the �rst 
PCR with PrimeSTAR DNA polymerase (TaKaRa, Otsu, Japan). One two- 
hundredth (1/200) of the amount of the �nal product was subjected to a 
second PCR with HotStarTaq DNA Polymerase (Qiagen). Then, 10–50 ng 
of genomic DNA was used with Pfu-x (Greiner Bio-One, Frickenhausen, 
Germany) and HotStarTaq DNA polymerases for the genotyping PCR of 
HML-2_sLTR(1p13.2) and HML-2_sLTR(19q12), respectively. The primers 
for the nested inverse PCR were designed to target the LTR region between 
the restriction site and the terminal junction of the �anking region, refer-
ring the consensus sequence of HML-2 LTRs that are highly homologous to 
the other LTR within the same proviral element (Supplementary Figure  1, 
available at Carcinogenesis Online). The primers for the genotyping PCR 
of HML-2_sLTR(1p13.2) and HML-2_sLTR(19q12) were designed to target 
the outside areas of those solo LTRs. The theoretical sizes of the products 
from the genotyping PCR were 220 bp (preinsertion) and 1195 bp (insertion) 
for HML-2_sLTR(1p13.2), and 221 bp (preinsertion) and 1187 bp (insertion) 
for HML-2_sLTR(19q12). The primer sequences are listed in Supplementary 
Table IV, available at Carcinogenesis Online, and the cycle conditions are 
described in Supplementary Figure 2, available at Carcinogenesis Online.

Cloning, sequencing and database search

The inverse PCR products were cloned using the pGEM-T easy vector sys-
tem (Promega, Madison, WI). The BigDye Terminator v3.1 Cycle Sequencing 
Kit (Applied Biosystems, Foster City, CA) and a capillary sequencer (3100 
Model, Applied Biosystems) were used for sequencing. The Basic Local 
Alignment Search Tool-like alignment tool of the University of California 
Santa Cruz (http://genome.ucsc.edu/) was used to map the loci of the clones 
in the human genome (GRCh37/hg19 assembly), and the unmapped clones 

were further investigated with the Basic Local Alignment Search Tool of the 
National Center for Biotechnology Information (http://www.ncbi.nlm.nih.
gov/). When the cloned sequence covering the junction of the LTR and the 
�anking genomic region was not identi�ed within the databases, the �nding 
was considered to indicate a novel HERV insertion. Furthermore, when the 
novel insertion was also identi�ed in normal tissue within the same individual 
or in another individual, the �nding was regarded as an insertion polymor-
phism of HERV. If the novel insertion could not found in normal tissue within 
the same individual, the �nding was regarded as a somatic integration of 
HERV in the tumor tissue, that is, a reintegration that has never been reported 
in contemporary human tissues. To read the sequences of the LTRs and the sur-
rounding regions, products that were ampli�ed through genotyping PCR were 
subjected to agarose electrophoresis and directly sequenced. The complete 
sequences of HML-2_sLTR(1p13.2) and HML-2_sLTR(19q12) are provided in 
Supplementary Figure 3, available at Carcinogenesis Online.

Statistical analysis

The statistical analysis was performed by estimating the 95% con�dence 
interval (CI). Because of the small number of male never-smokers, female 
smokers and females with squamous cell carcinomas, these categories were 
not included in the statistical analysis. Multiple testing was performed using 
the statistical software SAS (SAS Institute, Cary, NC) for adjustments in the 
colorectal cancer study, as described in a previous report (25–27). The geno-
type distributions of HML-2_sLTR(1p13.2) and HML-2_sLTR(19q12) showed 
Hardy–Weinberg equilibrium in both control groups in the lung and colorectal 
cancer studies.

Ethics

The design of this study was approved by the Institutional Review Boards of 
Hamamatsu University School of Medicine, Kyushu University, Aichi Cancer 
Center Research Institute and all the participating hospitals except for two hos-
pitals (which had no ethical committees). The survey was performed at the 
latter two hospitals with the permission of the director of each hospital.

Results

Strategy for identi�cation of novel HERV insertions in human genome

To clone novel HERV insertion sites, if possible polymorphic sites 
or somatic mutations, from the genomic DNA of tumor tissue, the 
inverse PCR method, which enables the ampli�cation of regions 
�anking a primer target site (28), was performed. In this method, 
the primer target site should be set within the LTR region between 
the restriction site and the terminal junction of the �anking region 
(Figure  1). We selected ApoI and NspI as the most suitable sites 
(Supplementary Figure 1, available at Carcinogenesis Online). These 
two restriction sites are highly preserved among HML-2 LTRs, and 
the fragments digested at those sites contain a long region suf�cient to 
enable the design of the PCR primers within an LTR (Supplementary 
Figure  1 and Supplementary Table IV, available at Carcinogenesis 
Online). Furthermore, the average lengths of the genomic fragments 
digested at the ApoI and NspI sites are relatively small (~460 and 
930 bp in the human genome, respectively) (29), and fragments with 
these lengths do not seem to have dif�culty with self-ligation. Finally, 
NspI was selected because of its sticky end consisting of a GC base 
pair. The ampli�ed products were TA cloned and sequenced using 
a capillary sequencer. Then, the sequences were analyzed for the 
purpose of distinguishing between a known HML-2 site and a novel 
one. Furthermore, novel HML-2 sites were investigated using nor-
mal tissues to determine whether they were polymorphic or somatic 
(Figure 1).

Identi�cation of novel HERV insertions

Genomic DNA extracted from lung tumor tissues was used for the 
examination described above, and 178 clones from eight specimens 
were sequenced using the Sanger dideoxy method (Supplementary 
Table V and Supplementary Figure 4A, available at Carcinogenesis 
Online). As a result of the analyses, three products were acquired as 
HERV insertions that were not included in the databases (Figure 2A). 
Although one of the three products contained a �anking sequence 
that was too short to identify the genomic region (Figure 2A(c)), the 
�anked sequence of another product was long enough to be de�nitely 
identi�ed at 19q12 (Figure  2A(a)). In the other case, the �anking 
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region was identi�ed at 1p13.2, but more than a dozen candidates 
in addition to 1p13.2 were feasible if a one-nucleotide difference 
was permitted as a sequencing error (Figure  2A(b)). This result 
arose because the Alu repeat sequence, the copy number of which is 
>1 000 000 in the human genome (30), was present in the �anking 
region for product b. As no ApoI sites were identi�ed in the sequence 
of product b (Supplementary Figure 4A, available at Carcinogenesis 
Online), nested inverse PCR using ApoI digestion and the primer 
designed across HML-2 LTR and the �anking region of product b 
was performed to acquire a long sequence suf�cient to determine the 
location (Figure 2B). As expected, a longer sequence was successfully 
cloned, and the clone was shown, with certainty, to arise from a region 
at 1p13.2 (Supplementary Figure  4B, available at Carcinogenesis 
Online). This insertion containing HML-2 LTR at 1p13.2 is located 
within a chitinase gene cluster consisting of acidic mammalian 
chitinase (CHIA), chitinase 3-like 2 (CHI3L2), oviductal glycoprotein 
1 (OVGP1), CHIA-like pseudogene (RP11-165H20.1) and chitinase 1 
pseudogene (LOC100420342) (Figure 2C and Supplementary Table 
VI, available at Carcinogenesis Online). This genomic region displays 
a high degree of synteny among mammals (31). The other insertion 
containing HML-2 LTR at 19q12, from product a, was located within 
a non-coding region (LOC284395) in the vicinity of a gene cluster 
with highly correlated gene expression patterns, including POP4 and 
CCNE1, in addition to the boundary for copy number variations in 
gastric tumors (32).

Genotyping of HERV insertions at 1p13.2 and 19q12

To determine whether the two HERV insertions described above 
could also be detected in non-tumor samples from the same 

individual, genotyping PCR was performed. The primers were con-
structed for the outside areas of the HML-2 insertions at 1q13.2 and 
19q12 (Figure  2C), and the HML-2 insertion and/or preinsertion 
sites were ampli�ed. For both 1p13.2 and 19q12, the short inser-
tions (~1.2 kb) were also detected in normal tissue within the same 
individual (Figure 3A and 3B). These results indicate that HML-2 
insertions at 1p13.2 and 19q12 are insertionally polymorphic but are 
not generated by somatic retrotransposition. Furthermore, the results 
of the genotyping experiments and direct sequencing showed that 
both of the polymorphic insertions were biallelic (preinsertion and 
solo LTR) (Figure 3C and D; Supplementary Figure 3, available at 
Carcinogenesis Online). Although the possibility that a provirus may 
be identi�ed as an allele of these polymorphic HERV loci cannot 
be excluded, we believe that there were no or few proviral alleles 
of the polymorphic HERV loci, at least in the genetic pool used in 
this study, because all the genotypes resulted in patterns composed 
of preinsertion and/or solo LTR alleles in a large number of sam-
ples, as shown below (Tables I and III; Supplementary Table VII). 
Thus, the polymorphic HML-2 insertions at 1p13.2 and 19q12 were 
termed HML-2_sLTR(1p13.2) (GenBank/EMBL/DDBJ accession 
number: AB728590) and HML-2_sLTR(19q12) (GenBank/EMBL/
DDBJ accession number: AB728591), respectively. As a result of 
sequencing the surrounding regions, 6 bp target site duplications 
were found in these two HML-2_sLTR loci, similar to other HERV-K 
polymorphisms (Figure 3C and D; Supplementary Table I, available 
at Carcinogenesis Online). These �ndings indicate that HML-2_
sLTR(1p13.2) and HML-2_sLTR(19q12) are certainly polymorphic 
insertions that have been generated in a germ line cell through retro-
transposition and subsequent recombination between LTRs.

Epidemiological analysis of HML-2_sLTR(1p13.2) and  
HML-2_sLTR(19q12) in cancer studies

A signi�cant association between insertion polymorphisms of HERV 
and cancer has never been reported. Thus, non-concurrent studies 
involving lung cancer patients were performed to investigate the 
genetic association between novel insertional polymorphisms and 
cancers. Although there was no signi�cant prevalence of HML-2_
sLTR(19q12), female lung cancer patients exhibited a signi�cantly 
high prevalence of HML-2_sLTR(1p13.2) homozygosity (genotype 
LL) compared with the preinsertion homozygosity (genotype PP) 
[age ≥60  years: odds ratio (OR): 2.16; 95% CI: 1.04–4.45; the 
numbers of cases and controls were 44 and 101, respectively; see 
Table I]. The heterozygosity (genotype PL) of HML-2_sLTR(1p13.2) 
showed the similar prevalence to the preinsertion homozygosity. 
Thus, the preinsertion homozygosity and the heterozygosity 
were regarded as one reference group in the following analyses. 
Categorized data analyses considering the smoking history and the 
histological subtypes revealed that female never-smoking patients 
with lung adenocarcinoma exhibited a signi�cantly high prevalence 
of HML-2_sLTR(1p13.2) homozygosity (versus genotype PP + 
PL; age ≥60  years: OR: 1.97; 95% CI: 1.01–3.81; the numbers 
of cases and controls were 67 and 179, respectively; see Table 
II), whereas male smokers with lung squamous cell carcinoma 
exhibited a moderately high prevalence of HML-2_sLTR(19q12) 
homozygosity (versus genotype PP + PL; age ≥60  years: OR: 
1.70; 95% CI: 0.95–3.02; the numbers of cases and controls 
were 70 and 332, respectively; see Table II). To further validate 
the association between HML-2_sLTR(1p13.2) homozygosity and 
lung adenocarcinoma, another cohort consisting of female never-
smoking patients with lung adenocarcinoma and controls was 
investigated (Table III). In this study, the means of age of the cases 
and controls were 59.8 [standard deviation (SD) = ±10.0] and 59.7 
(SD = ±9.9) years, respectively, and the median of age of the cases 
and controls were 61 and 60.5 years, respectively. Thus, analyses 
in two age subcategories, age <60 years and age ≥60 years, were 
also performed under consideration of the effect of age. The overall 
age-adjusted prevalence of HML-2_sLTR(1p13.2) homozygosity 
was similar to that of the reference group (versus genotype PP 
+ PL; OR: 0.99; 95% CI: 0.56–1.74; the numbers of cases and 

Fig. 1. Strategy for identifying novel HERV insertions in the human genome. 
Genomic DNA was extracted from lung cancer specimens, digested with 
NspI and self-ligated, followed by nested inverse PCR. The ampli�ed 
products covering the junction of the HML-2 LTR and the �anking genomic 
region were TA cloned and sequenced. The PCR primers were designed for 
the region between the terminal junction to a �anking genomic region and the 
NspI site within the HML-2 LTR. The sequenced data were analyzed using 
BLAT and BLAST searches. The thick gray arrows represent the HML-2 
LTR. The dotted and solid arrows indicate the primers used for the �rst and 
second PCR, respectively.
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controls were 125 and 248, respectively). However, a prevalence 
of HML-2_sLTR(1p13.2) homozygosity tended to be high in an 
elderly group (versus genotype PP + PL; age ≥60 years: OR: 2.03; 
95% CI: 0.96–4.29; the numbers of cases and controls were 71 and 
140, respectively). On the contrary, a signi�cantly low prevalence 
of HML-2_sLTR(1p13.2) homozygosity was detected in a younger 
group (age <60 years: OR: 0.31; 95% CI: 0.11–0.94; the numbers 
of cases and controls were 54 and 108, respectively).

In addition to patients with lung cancer, a possible association with 
HML-2_sLTR(1p13.2) homozygosity has also been investigated in 
patients with colorectal cancer. As a result, no signi�cant association 
with HML-2_sLTR(1p13.2) was detected in any categories of colorectal 
cancer, whereas a moderately low prevalence of HML-2_sLTR(1p13.2) 

homozygosity was detected in women with proximal colon cancer (ver-
sus genotype PP + PL; overall age group: OR: 0.44; 95% CI: 0.18–
1.08; the numbers of cases and controls were 71 and 288, respectively) 
(Supplementary Table VII, available at Carcinogenesis Online). Unlike 
lung cancer, no apparent association between the HML-2_sLTR(1p13.2) 
genotype and the prevalence of colorectal cancer was seen.

Discussion

Here, inverse PCR and cloning methods were used to identify 
endogenous retrotransposon loci in the human genome. Inverse 
PCR enables regions �anking the target site to be ampli�ed, but 
the sequence of the target site must already be known for primer 

Fig. 2. Novel HERV insertions on chromosome 1 and chromosome 19. (A) Three products were not included in the BLAT and BLAST databases (a–c). The 
black arrows show the second primers used in the nested inverse PCR, and one of the pair was designed to cover the NspI site. The solid line indicates the 
�anking genomic region. (B) Nested inverse PCR with ApoI digestion was performed to clearly identify the �anking region to HML-2 LTR of product b. The 
ampli�ed products were subjected to agarose electrophoresis and a direct sequence analysis. The primer designed to cover the HML-2 LTR and the �anking 
region was used for the second PCR. The thick gray arrows represent the HML-2 LTR. The dotted and solid arrows indicate the primers used for the �rst and 
second PCR, respectively. (C) Schemes for novel polymorphic insertions of HERV. The underlined genes are the chitinase cluster members. The arrowheads 
indicate the primers used for the genotyping PCR in Figure 3. The black and white arrows represent the protein-coding and non-coding genes, respectively.
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construction. Thus, the construction of primers was based on the 
alignment of HML-2 LTRs that are highly homologous to the other 
LTR within the same proviral element because retroviral reverse 
transcription leads to a pair of LTRs with identical sequences and 
HML-2 is the most recently acquired group (2). In addition, inverse 
PCR demands a restriction site that meets the following conditions: a 
sticky end; and the ability to generate digested fragments covering both 
a long HML-2 LTR region suf�cient to allow the design of the PCR 
primers and a �anking genomic region that is not too long to prevent 

the subsequent self-ligation and PCR. Our efforts resulted in the 
identi�cation of two novel insertion polymorphisms of HML-2_sLTR. 
To read the sequences of PCR products more ef�ciently, cloning and 
capillary sequencing methods can be replaced using high-throughput 
sequencing methods, although some modi�cations are necessary. 
Recently, the de novo integration of the yeast Ty3 retrotransposon 
was investigated using a method combining inverse PCR and high-
throughput sequencing (33). Thus, more polymorphic loci of HERVs 
are probably to be identi�ed, and somatic retrotranspositions of 
HERVs could potentially be detected by combining inverse PCR and 
high-throughput sequencing. Because retrotranspositions can cause 
genomic variations, the demonstration of somatic retrotranspositions 
of HERVs is probably to lead to new insights into human cancer 
etiology, where genomic instability induced by errors in chromosomal 
distribution during mitosis and the downregulation of the DNA repair 
system is considered to be primary internal causes of cancer (34,35).

Lung cancer susceptibility research is vigorously pursuing 
comprehensive approaches, such as a transcriptome or adductome 
approach (36). A  comprehensive approach targeting insertion 
polymorphisms of retrotransposons must also contribute to lung 
cancer risk evaluation. Insertion polymorphisms of HERV-K have 
been identi�ed mainly using low stringency hybridization (37) or data 
mining methods involving human genome databases (3,38). In the 
method of low stringency hybridization, genomic DNA digested with 
a restriction site was electrophoresed and subjected to hybridization 
with a DNA probe. Insertional polymorphisms of targeted elements 
are determined with existence or non-existence of a speci�c signal on 
a dried gel or blotted membrane. Therefore, although this method is 
available in using a number of genomic DNA samples, it would not be 

Fig. 3. Genotyping and sequencing of polymorphic HERV insertions. Genotyping PCR for HML-2_sLTR(1p13.2) (A) and HML-2_sLTR(19q12) (B) was 
performed using the primers indicated in Figure 2. The PCR products were subjected to agarose electrophoresis. The junction sequences of HML-2_sLTR and the 
�anking genomic region at 1p13.2 (C) and 19q12 (D) are shown. The indicated sequence traces correspond to the underlined sequences. Boxed sequences show 
the target sites. The asterisk represents a putative mutation site. N, non-tumor, T, tumor.

Table I. Association between lung cancer and genotypes of HML-2_sLTR 
(1p13.2) and HML-2_sLTR(19q12)

Genotype Lung cancer

Men Women

Na OR (95% CI)b Na OR (95% CI)b

1p13.2
 PP 55/142 Reference 22/69 Reference
 PL 59/161 0.95 (0.61–1.46) 30/103 0.91 (0.48–1.72)
 LL 25/80 0.81 (0.46–1.40) 22/32 2.16 (1.04–4.45)
19q12
 PP 46/111 Reference 26/59 Reference
 PL 58/196 0.71 (0.45–1.13) 35/110 0.72 (0.39–1.32)
 LL 35/76 1.11 (0.65–1.89) 13/35 0.84 (0.38–1.85)

L, solo LTR; P, preinsertion.
aNumber of cases/controls.
bAge ≥60 years; the west area of Shizuoka Prefecture.
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suitable to distinguish multiple signals with almost same mobility. In 
the data mining methods, public sequence data of human genome are 
mined to search targeted elements. If a �anking region of a targeted 
element is determined, genotyping for the locus can be performed for 
validation of the data mining method. By �ltering the data under a 
speci�c condition, such as a human-speci�c locus, it is possible to 
adjust the number of genotyped loci. Although this method may be 
most available from the angle of cost/performance criteria, it is just 
a data analysis and requires sequence data on databases. The strategy 
to indentify novel HERV insertions described here includes the 
sequencing process and also enables to individually analyze the same 
size of amplicons. As a matter of course, our strategy has also weak 
points, such as necessity of a speci�c restriction site near targeted 
elements. A variety of methods would be necessary for surveying the 
landscape of repeat elements in the genome.

In the human genome, HML-2_sLTR(1p13.2) and HML-2_
sLTR(19q12) show the highest identity to the 5′-LTR of HML-
2(12q13.2) (GenBank/EMBL/DDBJ accession number: JN675067; 
identity 97.9%) and the LTRs of HML-2(3q13.2) (GenBank/EMBL/
DDBJ accession number: JN675022; identity 99.5%), respectively. 
HML-2(12q13.2) is also insertionally polymorphic (Supplementary 
Table I, available at Carcinogenesis Online). HML-2(3q13.2), also 
termed K106, is deletionally polymorphic and is thought to be one 

of the youngest HERVs because of the identical LTRs at both of its 
ends (16). HML-2_sLTR(1p13.2) and HML-2_sLTR(19q12) may have 
arisen from the lineages of HML-2(12q13.2) and HML-2(3q13.2), 
respectively, suggesting genomic variations in the ancestral genome. 
Investigating the haplotype of polymorphic HML-2 elements in vari-
ous ethnic groups is probably to produce extremely interesting results.

A putative mutation was detected within the duplicated target site of 
HML-2_sLTR(19q12) (Figure 3D). An example of a single-nucleotide 
mutation within a duplicated target site has been previously reported 
for HERV-H (39). Because the mutation within the duplicated target 
site of HML-2_sLTR(19q12) was found in all seven samples that were 
tested, the mutation may have occurred very early after the integration 
of the provirus into a host genome.

Little evidence of an association between an insertion polymorphism 
of HERV and human diseases has existed. In previous studies, neither 
seminoma nor breast cancer was signi�cantly associated with inser-
tion polymorphisms of HERV-K113 and HERV-K115, both of which 
are known as HML-2 proviruses (40,41). Although multiple sclerosis 
and Sjögren’s syndrome were signi�cantly associated with an insertion 
polymorphism of HERV-K113 in a small population study (42), mul-
tiple sclerosis was not signi�cantly associated with the insertion poly-
morphism of HERV-K113 in a larger population study (43). In these 
previous studies on disease, the gene frequency, but not the genotype 
distribution, was calculated for the investigation. Allele frequencies of 
those HERV loci would be too low to statistically evaluate the genetic 
association. In fact, each homozygosity of HERV-K113 and HERV-K115 
was not or rarely detected (41,42). To use larger populations or to tar-
get another polymorphic HERV locus with a relatively high allele 
frequency will be necessary for a statistical evaluation involving the 
calculation of the genotype distribution. Here, HML-2_sLTR(1p13.2) 
homozygosity was shown to be associated with lung adenocarcinoma 
in female never-smokers among lung adenocarcinoma patients aged 
60 years and over (Table II). Our study is the �rst report of a genetic 
association between an insertion polymorphism of HERV and cancer. 
Remarkably, a never-smoking status, East Asian ethnicity, female sex 
and adenocarcinoma histology have been shown to be correlated with 
the presence of somatic active mutations in epidermal growth factor 
receptor (EGFR), which is associated with a strong response to EGFR 
tyrosine kinase inhibitor therapy (44). The genetic background of 
HML-2_sLTR(1p13.2) homozygosity and the activated EGFR pathway 

Table III. Association between never-smoking females with lung 
adenocarcinoma and genotypes of HML-2_sLTR(1p13.2) in another cohort 
study

Age Genotype Na OR (95% CI)b

Overall PP + PL 103/204 Reference
LL 22/44 0.99 (0.56–1.74)

<60 PP + PL 50/85 Reference
LL 4/23 0.31 (0.11–0.94)

≥60 PP + PL 53/119 Reference
LL 18/21 2.03 (0.96–4.29)

L, solo LTR; P, preinsertion.
aNumber of cases/controls.
bAdjusted for age; female never-smokers in Aichi Prefecture.

Table II. Association between histology-speci�c lung cancer and genotypes of HML-2_sLTR(1p13.2) and HML-2_sLTR(19q12)

Sex Smoking history Genotype Squamous cell carcinoma Adenocarcinoma

Na OR (95% CI)b Na OR (95% CI)b

Men 1p13.2
 Never smoking PP + PL 0/39 nd 5/39 nd

LL 0/12 nd 0/12 nd
 Smoking PP + PL 51/264 Reference 58/264 Reference

LL 13/68 0.99 (0.50–1.93) 12/68 0.80 (0.40–1.59)
19q12
 Never smoking PP + PL 0/42 nd 5/42 nd

LL 0/9 nd 0/9 nd
 Smoking PP + PL 50/265 Reference 49/265 Reference

LL 14/67 1.11 (0.57–2.13) 21/67 1.70 (0.95–3.02)
Women 1p13.2

 Never smoking PP + PL 0/149 nd 48/149 Reference
LL 1/30 nd 19/30 1.97 (1.01–3.81)

 Smoking PP + PL 2/23 nd 2/23 nd
LL 1/2 nd 1/2 nd

19q12
 Never smoking PP + PL 1/146 nd 55/146 Reference

LL 0/33 nd 12/33 0.97 (0.46–2.01)
 Smoking PP + PL 2/23 nd 3/23 nd

LL 1/2 nd 0/2 nd

L, solo LTR; nd, not determined; P, preinsertion.
aNumber of cases/controls.
bAge ≥60 years; the west area of Shizuoka Prefecture.
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may possibly lead to synergic effects on lung adenocarcinoma survival 
in aged female never-smoker, as suggested below.

Transcriptional regulatory regions that are conserved among 
LTRs, including a putative TATA box, polyadenylation signal, 
initiator sequence and enhancer core, are also present in HML-2_
sLTR(1p13.2) and HML-2_sLTR(19q12) (Supplementary Figure 3, 
available at Carcinogenesis Online) (4,5). Since an LTR of HML-2 
exhibited an enhancer ability in human cell cultures (7), HML-2_
sLTR(1p13.2) and HML-2_sLTR(19q12) are also expected to affect 
the expressions of surrounding genes. In the Aichi cohort study, 
a high prevalence of HML-2_sLTR(1p13.2) homozygosity was 
detected among lung adenocarcinoma patients aged 60 years and 
over, whereas a low prevalence of this genotype was detected in the 
younger patient group. A test of heterogeneity between the two age 
groups indicated a signi�cant difference (P = 0.006), showing that 
the presence of HML-2_sLTR(1p13.2) leads to an age-dependent 
biological �uctuation in the susceptibility to lung adenocarcinoma. 
The transcriptional activities of LTRs can be regulated by CpG 
methylation (45), and age-dependent changes in DNA methylation 
have been reported and discussed (46). The gross methylation level 
of LTRs reportedly decreased between subjects aged 40–63 years 
and those aged 64–83  years in a study using peripheral blood 
mononuclear cells (47). Thus, age-dependent changes in CpG 
methylation on HML-2_sLTR(1p13.2) may also occur in lung 
tissue and might contribute to the �uctuation in the susceptibility 
to lung adenocarcinoma. There is the possibility that the hyper- and 
hypomethylations of HML-2_sLTR(1p13.2) in young and elderly 
subjects affect oncogenic expressions negatively and positively, 
respectively, although the possibility that menopause may affect 
the HML-2_sLTR(1p13.2)-mediated transcriptional regulation 
of surrounding genes cannot be excluded in the present study. 
Interestingly, in a previous study examining schizophrenia, the 
frequency of HERV-K115-positive patients differed signi�cantly 
between younger (<18  years) and older (>18  years) age groups 
(48). Thus, other insertionally polymorphic LTRs with biased 
distributions in young and elderly subject groups are probably to 
exist in speci�c patient groups.

CHIA (also known as AMCase) is one of the genes in the vicinity 
of HML-2_sLTR(1p13.2), and its expression might be possibly reg-
ulated through the enhance ability of HML-2_sLTR(1p13.2). CHIA 
is induced in lung epithelial cells and macrophages at sites of Th2 
in�ammation, and interleukin-13 is necessary and suf�cient to stim-
ulate CHIA production (49). CHIA has also been shown to inhibit 
lung epithelial cell apoptosis through the activation of the PI3/Akt 
pathway (50). Thus, it is speculated that age-dependent changes in 
CpG methylation on HML-2_sLTR(1p13.2) affect the �uctuation 
of the CHIA expression and that overproduced CHIA causes the 
carcinogenesis of lung adenocarcinoma through the antiapoptotic 
effects in the elderly. These speculations are considered as a model 
to explain the age-dependent manner of HML-2_sLTR(1p13.2) in 
the carcinogenesis of lung adenocarcinoma. In addition, CHIA is 
secreted from lung epithelial cells via the EGFR-dependent path-
way (51). The secretion of CHIA might be promoted by somatic 
active mutations of EGFR, resulting in widespread antiapoptotic 
effects throughout the lung epithelium. A detailed investigation of 
HML-2_sLTR(1p13.2)-surrounding genes, including the quanti�ca-
tion of CHIA expression in lung tumor tissues with and without the 
HML-2_sLTR(1p13.2) allele, and genetic studies involving large 
data sets connected with an EGFR mutation pro�le will be neces-
sary for further validation.

Modest associations between HML-2_sLTR(19q12) homozygosity 
and lung squamous cell carcinoma and between HML-2_sLTR(1p13.2) 
homozygosity and proximal colon cancer were detected in male 
smokers (Table II) and women (Supplementary Table VII, available at 
Carcinogenesis Online), respectively. Although these modest associa-
tions will be the subjects of future investigations, they suggest that 
insertionally polymorphic HML-2_sLTR may have more functional 
effects on the host status, notably the susceptibility to cancer, than 
previously expected.

With recent information regarding the unexpectedly high variety 
in copy numbers in the human genome, we have fully realized the 
complexity of the human genetic nature in terms of disease sus-
ceptibility. In fact, a considerable proportion of human beings do 
not have some of the detoxi�cation enzymes arising from deletion/
insertion-type polymorphisms (52). The methodology for the iden-
ti�cation and discovery of this type of polymorphism is still largely 
heuristic, and no effective algorithms are yet available, even in the 
era of massive parallel sequencing. Our presentation here, for the 
�rst time, demonstrates that the intentional isolation of insertion/
deletion-type polymorphisms is a promising approach to elucidate 
genetic susceptibility to diseases in human beings.

Supplementary material

Supplementary Tables I–VII and Figures 1–4 can be found at http://
carcin.oxfordjournals.org/
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