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A B S T R A C T

Long Interspersed Nuclear Element-1 (LINE-1) are DNAs that compromise 17% of our genome. LINE-1 expression
is triggered by environmental stressors and accomplished through its demethylation leading to genomic in-
stability. Expression of LINE-1 is regulated in adult somatic tissues through several endogenous defensive me-
chanisms, but is found to be associated with tumorigenesis in several cancers. This finding, has inspired the use
of different indicators of LINE-1 activation, as biomarkers in cancer diagnostics and even therapeutic targets in
recent years. The objective of this review is to provide a critical examination of LINE-1 elements as companion
cancer diagnostic/prognostic biomarkers and anti-cancer drug targets. In our view, there's great potential for
LINE-1 serving at both forefronts, but there is a need for more mechanistic studies in the clinic as well as on the
bench research to validate LINE-1 activation elements as cancer biomarkers or therapeutic targets; in different
cancer types and/or stages of the disease. In this context, development of minimally invasive, reliable and
sensitive diagnostic tools for LINE-1 activation elements for clinical use, is of priority.

1. Introduction

Transposons are DNA elements that can change their position
within a genome (hopping genes), thus creating or reversing mutations
[1] [2]. Transposons are present in all forms of life, from bacteria to
human. It is estimated that approximately 44% of the human genome is
comprised of transposons [3], separated by Class I (retrotransposons)
and Class II (DNA transposons). Class I transposons are transcribed from
DNA to RNA and then reverse-transcribed from RNA to DNA. This
newly formed DNA can then be inserted to the genome DNA via a “copy
and paste” mechanism, causing irregular gene expression. Class II
transposons, on the other hand, do not need an RNA intermediate and
can insert themselves into the genome using several transposase en-
zymes via a “cut and paste” mechanism. The majority of transposons in

human genome are Class I (42.2% versus 2.8% of the total genome) [1]
[4].

Long Interspersed Nuclear Element-1 (LINE-1) is one of the most
abundant Class I retrotransposable elements comprising 17% of our
genome with around 500,000 copies [5]. LINE-1 is approximately 6000
base pairs long. It duplicates itself via an RNA intermediate and two
encoded proteins: Open Reading Frame 1 (ORF1), a high-affinity RNA
binding chaperone protein; and the Open Reading Frame 2 (ORF2) that
has reverse transcriptase (RT) and endonuclease enzymatic activity [6].

Both ORF1 and ORF2 are known to play major roles in transposi-
tion. ORF1 is a 338 amino acid (~40 KDa) protein, with conserved C
terminus among different species. ORF1 will form trimers at the highly
variable N-coiled-coiled domain, which can bind to RNA in conjunction
with ORF2, a 150 KDa protein, in cis format forming a LINE-1
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ribonucleoprotein (RNP). This RNP is then transferred to the nucleus
where ORF2 nicks nuclear DNA to make a single strand of DNA from the
LINE-1 RNA template via target primed reverse transcription (TPRT).
While it is known that ORF2 acts via TPRT through both endonuclease
and reverse transcriptase activity, the mechanism of action of ORF1 in
retrotransposition is perceived to be indirect, through regulation of
ORF2 expression, recruitment of ORF2 to the RNP, delivering the RNP
to the chromosomal DNA, and/or assisting strand exchanges during
TPRT [7].

LINE-1 is highly active during early embryogenesis contributing to
genetic sorting, but its activity is suppressed in somatic tissues, sug-
gesting tight host regulatory mechanisms for retrotransposon control
[8]. Environmental stressors such as oxidative and genotoxic stress, UV
light, ionizing radiation, environmental hydrocarbons, infection, and
injury, can reactivate LINE-1. Activated LINE-1 and subsequent inser-
tion gives rise to aberrant cellular phenotypes through functional
knockout of genes, genetic mutations, or action as a new promoter for
increased gene expression; all leading to DNA instability. Thus, it is not
surprising that LINE-1 and its role in carcinogenesis has become a major
field of study in the past decade [2].

Irregular activation of LINE-1, has been implicated in tumorigenesis
and tumor progression in different types of cancer [9] [10]. However,
direct evidence validating LINE-1 activity as a diagnostic/prognostic
biomarker and/or therapeutic target in cancer is limited [11] [12]. The
objective of this review is to provide a critical overview on the “status
quo” of LINE-1 and its associated elements (Fig. 1) as a potential
companion biomarker in cancer diagnostic and prognostics, as well as a
target for cancer treatment.

2. Common methods for quantitation of LINE-1 activation in
clinical specimens

Methods quantifying LINE-1 activation are either based on assessing
the hypomethylation status of LINE-1, or levels of LINE-1 RNA, ORF1 or
ORF2 proteins in tissue or blood samples. The most common quantifi-
cation methods for the above targets are summarized in Table 1.

Quantification of the methylation status of LINE-1 retrotransposable
elements has historically been used to either determine the status of
LINE-1 mobilization and retrotransposon activity or estimate global
hypomethylation within samples [13,14].

To properly assess hypomethylation of LINE-1 in tissue, a sample
must be obtained from a clean tumor biopsy with little contamination
of peritumoral tissue. The microenvironment of a tumor is not the same
as the surrounding tissue, so a biopsy containing both (tumor and
surrounding tissue), or samples from different regions of the tumor may
show differing levels of hypomethylation due to the increased physio-
logical stress within a tumor core as compared to the peripheral tissue.
The increased variability may reduce the usefulness of findings. To
address this, several recent publications have implicated circulating
cell-free DNA as a potential prognostic and diagnostic target for several
conditions, including breast, lung and colon cancer, and have promoted
its potential as a minimally invasive screening technique [15–18].

Although the use of hypomethylation detection methods is very
common, this technique does not provide LINE-1 specific results as it
does not ascertain the activation and mobilization of LINE-1. Measuring
the specific products of LINE-1 transcription and translation, i.e., ORF1
and ORF2, eliminates this concern and provides a more accurate un-
derstanding of the impact of LINE-1 activation on cancer progression.
Furthermore, proteins may have the advantage of being readily acces-
sible in tissues as well as body fluids. The latter is important as it
provides means for non-invasive sample acquisition from patients (from
blood, plasma or other fluids) for use in protein detection and quanti-
fication.

Immunofluorescence staining and immunohistochemistry (IHC) of
human tissues has been used widely for the detection and quantification
of ORF1 in different types of cancers [19] [20]. Measuring ORF1

concentration in human blood has also been very recently reported
using ELISA [21]. Similar to ORF1, antibody detection methods have
also been used to quantify ORF2 expression in tissues via IHC [19].

3. LINE-1 expression and activation as a companion biomarker in
Cancer diagnosis

3.1. LINE-1 hypomethylation status

LINE-1 hypomethylation may be an initiating factor in carcinogen-
esis, as significant demethylation is seen in pre-malignant lesions before
cancer transformation in some cancer types [22]. Barchitta et al. con-
ducted a meta-analysis study to determine if LINE-1 hypomethylation
had diagnostic value for cancer [22]. Nineteen unique articles were
selected that included twenty different cancers and several methods for
LINE-1 hypomethylation detection. In addition, the data analyzed in
this meta-analysis included both leukocytic blood and tissue samples.
Overall, a total of 2554 cancer samples and 3553 normal samples were
included. The authors concluded that LINE-1 methylation levels were
6.4% lower in cancer patients compared to normal patients. This dif-
ference was significant in tissue, but not in blood [22].

Colorectal cancer is one of the most studied cancers for LINE-1
hypomethylation status. LINE-1 hypomethylation, as measured by ab-
solute quantitative analysis of methylated alleles (AQAMA) realtime
PCR, was shown to be an early event in colon cancer progression. LINE-
1 hypomethylation could be used to differentiate adenomas from
normal colon mucosa because methylation was significantly lower in
adenomas compared to normal tissue [23]. However, there was no
significant difference in LINE-1 hypomethylation between adenoma and
carcinoma tissue implying the potential of LINE-1 hypomethylation as
an early biomarker of colorectal cancer, even before transition from
adenoma to carcinoma. The ability to detect pre-cancerous adenomas is
of great importance because of the curative potential of early surgical
interventions in colorectal cancer and reduced risk of developing fatal
colon adenocarcinoma [24].

Similar to colon cancer, LINE-1 hypomethylation is an early event in
breast tissue transformation, and is detected in atypical ductal hyper-
plasia (ADH) or flat epithelial atypia (FEA) [25]. In line with the ob-
servation in colon cancer, LINE-1 methylation does not decrease sig-
nificantly in the transition from hyperplastic states to breast carcinoma
[25]. However, van Hoesel et al. reported conflicting findings that in-
dicated the methylation levels of normal and ADH tissues were com-
parable, with significant changes only present in ductal carcinoma in
situ (DCIS) and AJCC Stage 1 breast cancer [26]. Regardless, LINE-
methylation status was found to be associated with breast cancer in
both studies, indicating its potential as a companion diagnostic marker.

Esophageal cancer is among the top ten most fatal cancers, with a 5-
year survival rate of 43% [27]. Early diagnosis of esophageal cancer
improves 5-year survival, highlighting the importance of a reliable di-
agnostic biomarker for this cancer type. Unfortunately, the sensitivity
of endoscopy screening for esophageal cancer is poor, with up to 40% of
patients with surgically proven invasive disease presenting with a ne-
gative endoscopy [28]. Furthermore, there are no diagnostic bio-
markers for esophageal cancer currently in use, and proposed bio-
markers like COX2 and NF-κB (general markers of inflammation) are
not specific to diagnosis of esophageal cancer [28]. Several studies have
indicated that LINE-1 is hypomethylated in esophageal squamous cell
carcinoma (ESCC). Suggesting a possible environmental implication of
LINE-1 in pathogenesis in esophageal cancer, Shigaki and authors de-
scribed a significant correlation between smoking history and hypo-
methylation of non-cancerous esophageal mucosae in 109 patients with
esophageal squamous cell carcinoma [29]. Using the combined bisulfite
restriction analysis (COBRA) technique, Chalitchagorn et al. found an
average10.58% decrease in LINE-1 methylation in cancerous esopha-
geal tissue compared to normal esophageal tissue [30]. Furthermore,
50.10%–77.39% of LINE-1 was demethylated in ESCC [30]. Zhu et al.
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further confirmed LINE-1 hypomethylation in 310 cases of ESCC using
real-time methylation specific PCR, and indicated that the total me-
thylation of LINE-1 was significantly decreased in ESCC tissue

compared to non-tumor tissue [27].
Assessment of LINE-1 methylation status has also been performed in

prostate and ovarian cancer tissue samples, albeit to a lesser extent than

Fig. 1. Overview of LINE-1 as a diagnostic and prognostic marker for cancer. During oncogenesis, LINE-1 gets demethylated. In this hypomethylated state, expression
of LINE-1 mRNA is increased, ultimately resulting in increased protein expression of ORF1 and ORF2. LINE-1 hypomethylation and ORF1p/ORF2p levels have been
studied as potential diagnostic and prognostic markers of several types of cancer.

Table 1
Most common targets for the quantification of LINE-1 mobilization in clinical cancer specimens.

Target LINE-1 element Clinical specimens Common methods Advantages Disadvantages

LINE-1 methylation status Tissue Bisulfite Sequencing - Routinely in use - Not a specific indicator of LINE-1 activity
Plasma/Serum Methylation-specific PCR

Primers or ELISA
- Sample non-homogeneity,
- Invasive

Cell-free DNA methods
LINE-1 RNA Tissue RT-qPCR, ELISA - Specific marker of Line-1 expression - Experimental methods

Plasma/Serum No Published Cell-Free Methods
ORF 1 expression Tissue IHC - Specific marker of LINE-1 activity and post-

translational control
- Needs mAb development or highly specific
polyclonal antibodyPlasma/Serum ELISA

- Noninvasive sampling possible
ORF 2 expression Tissue IHC - Specific marker of LINE-1 activity and post-

translational control
- Needs mAb development
- Requirement for high assay sensitivity

Plasma/Serum Not reported
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the cancers discussed above. Using methylation-sensitive restriction
enzyme digestion of DNA isolated from tissue and a 32P-labeled probe
specific for LINE-1, Schulz et al. found that 17/55 (31%) of prostate
carcinomas examined had> 10% decrease in LINE-1 methylation [31].
Furthermore, DNA methylation in this study was correlated to chro-
mosome 8 instability, highlighting the potential use of LINE-1 methy-
lation status in identifying the pathogenesis of prostate cancer, as well
[31]. Hypomethylated status of LINE-1 in prostate cancer has been
further confirmed by Santourlidis et al. who found 17/32 (53%) of
examined prostate cancer tissues had significant hypomethylation of
LINE-1 as evidenced by PCR [32].

Pattamadilok et al. showed that LINE-1 hypomethylation was an
early event in the initiation of ovarian cancer [33]. Using COBRA-LINE-
1 for methylation studies, they concluded that normal endometrial
tissue had approximately 80% methylation of LINE-1. Whereas in tis-
sues from patients with endometriosis, a risk factor for endometriosis-
associated ovarian cancer, methylation averaged only 74.3% [33].

While the above studies support LINE-1 as a biomarker in cancer
diagnosis, contradictory results have been reported in the literature
[34]. This might be due to low number of patients examined. Never-
theless, one must practice caution interpreting the reported results of
hypomethylation data as for many cancers, LINE-1 methylation status
may serve as a surrogate marker for activation of other cancer related
genes that are responsible for tumorigenesis. This is a major dis-
advantage for the use of LINE-1 hypomethylation status as a biomarker
in cancer diagnosis and prognosis.

3.2. ORF1 expression

Hypomethylation of LINE-1 leads to increased activity of the ret-
rotransposon and, consequently, an increase in translation of ORF1 and
ORF2. In a seminal study by Rodic et al. utilizing tissue biopsies from a
myriad of cancers as well as normal tissue from the surrounding tumor
area, 47% of the 1027 neoplasms examined had detectable ORF1 as
measured by IHC [35]. This was in contrast to the non-neoplastic tissue,
which either expressed ORF1 in very low levels or not at all.

High levels of ORF1 was shown to be more prevalent in certain
cancers, like breast and ovarian cancer. Other cancers such as renal,
liver, and cervical cancer had little to no expression of ORF1 [11,35].
Rodic et al. reported that 90% of the breast cancer tissue samples ex-
amined, were highly positive for ORF1 [35]. Similarly, Chen et al. re-
ported that ORF1 level is very high in ductal carcinoma in situ (DCIS)
[36]. Furthermore, a correlation between ORF1 expression levels and
loss of TP53 led the authors to conclude that ORF1 upregulation was an
acquired feature in tumorigenesis [36]. Chen et al. further solidified the
potential diagnostic value by reporting homogeneity of ORF1 expres-
sion throughout tumor tissue especially in very small biopsy samples,
and possibly even in residual disease [36].

Rodic et al. also reported that out of 31 cases of ovarian cancer
examined, approximately 90% were positive for ORF1 via IHC, and this
was further confirmed by Ardeljan et al. [11,35]. Like breast cancer,
ORF1 level was highest in high-grade ovarian carcinoma, and also
correlated to the loss of TP53 [35].

The expression of ORF1 in prostate cancer is not fully confirmed.
Ardeljan et al. reported ORF1 positivity in 41% of all prostate cancer
tissue samples examined [11]. Clearly, more comprehensive studies are
required before the extent of ORF1 expression can be fully elucidated in
prostate cancer, including the state of disease and location of tissue
section within or around the tumor boundaries. We have recently re-
ported success in the development of a blood-based test to quantify
ORF1 which was able to successfully delineate suspected prostate
cancer patients who had PSA values in the “gray zone” of 4–10 ng/mL
[21]. Same method of quantification has also been used by our group to
quantify ORF1 levels in the blood of a group of smokers presenting for
CT scan for lung cancer. Using the CT scan report, 83 subjects were
initially grouped into two major categories: those with negative chest

CT result (52 individulals) and others who were considered to be po-
sitive (31 individuals). The mean ORF-1 concentration in subjects with
suspicious nodule(s) based on CT scan who were recommended for
further follow up (n=31) and those with negative lung CT scans
(n=52) were 14.2 ± 13 and 8.5 ± 8.0 ng/mL, respectively
(P= .024, Mann-Whitney Rank Sum) [37].

3.3. ORF2 expression

While a large body of work has focused on LINE-1 methylation and
ORF1 expression, the data on ORF2 as a diagnostic marker of cancer is
limited. Based on the present data, ORF2, similar to LINE-1 hypo-
methylation, may be a better diagnostic marker for pre-neoplasias. In
addition, since LINE-1's “copy and paste” mechanism of action relies
heavily on ORF2's reverse transcriptase activity, ORF2 expression could
serve as a functional biomarker of LINE-1 activity. However, there are
challenges in measuring ORF2 expression. Concentrations of ORF2 have
been reported to be 10,000-fold less than ORF1 [21]. Furthermore,
while there are a handful of reliable ORF1 antibodies for IHC and we
have recently reported one for an ELISA-based assay [21], very few
antibodies are available for ORF2 detection and quantification.

De Luca et al. was one of the first groups to develop an ORF2 an-
tibody for IHC. They showed high expression of ORF2 in transitional
colon mucosa and no expression in normal colon mucosa [19]. ORF2
was also detected in prostate intraepithelial neoplasias (PIN). The au-
thors, therefore, concluded that ORF2 expression occurs early in the
tumorigenesis process, and may be a useful early diagnostic marker of
colon and prostate neoplasia.

4. LINE-1 expression and activation as a biomarker in Cancer
prognosis

4.1. LINE-1 hypomethylation

Similar to cancer diagnosis, the body of evidence supporting the
prognostic potential of LINE-1 has primarily focused on identifying the
methylation status of the promoter, while less attention has been paid
to the LINE-1 protein products. For many types of cancer, hypomethy-
lation of LINE-1 has been shown to correlate with cancer prognosis. One
example is colorectal cancer prognosis that is shown to correlate well
with the hypomethylation level of LINE-1 or global hypomethylation
[38–41]. Ognio and authors measured LINE-1 hypomethylation as a
prognostic indicator for colon cancer by examining 643 colon cancers
from two cohorts at different stages of disease [41]. They found de-
creased methylation correlated to worsening prognosis. A receiver op-
erator characteristic curve indicated that a 30% decrease in global
methylation levels correlated to a colon-cancer specific hazard ratio of
2.37 and a global mortality hazard ratio of 1.85. More recently, Kaneko
et al., identified hypomethylation of LINE-1 in primary tumors from 40
colorectal cancer patients (used as a surrogate for global hypomethy-
lation) as an independent prognostic marker in colon cancer [40]. In
2017, Swets et al. considered that unlike colon cancers, rectal cancers
have low rates of microsatellite instability-driven tumors, thereby hy-
pothesizing they would be less prone to LINE-1 activation as an in-
itiating event in tumorigenesis [42]. In line with this understanding, a
significant correlation between LINE-1 hypomethylation and overall
survival of stage II (or lower) colon cancer patients (not colon and rectal
cancer cases) was observed.

The risk of developing aggressive hepatocellular carcinoma has
been linked to LINE-1 hypomethylation [43]. Zhu et al. demonstrated
that hypomethylation of three specific sites on the 5′-untranslated re-
gion of LINE-1 were highly associated with poor prognosis, advanced
stage, risk of metastasis and vascular invasion [27]. Further, the authors
also reported that LINE-1 hypomethylation is associated with activation
of the c-Met oncogene due to LINE-1 insertion upstream of c-Met, a
high-affinity receptor for hepatocyte growth factor and critical element
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in growth and metastasis of hepatic tumors. Gao and authors also report
poor prognoses in patients showing marked hypomethylation of two 5-
UTR sites not investigated in the Zhu manuscript [44].

Esophageal, breast, bladder and lung cancers show significantly
worsening prognosis when LINE-1 is hypomethylated
[25,26,29,45–47]. For instance, early progression of gastric cancer from
metaplasia to adenoma has been associated with LINE-1 hypomethy-
lation in tissue, where methylation levels< 50.90% were significantly
associated with decreased overall survival and disease-free survival
[48]. Breast cancer progression has also been linked to a progressive
decrease in LINE-1 methylation levels [25] particularly in primary tu-
mors [26]. LINE-1 methylation was reported to be decreased in eso-
phageal squamous cell carcinoma (ESCC) compared to normal tissue in
310 patients [49]. In addition, a decrease in LINE-1 methylation was
associated with worsened prognosis. In patients who had a total me-
thylation index (MI) of< 0.78, the mean survival was 34months, while
patients with an MI of> 0.78 had a mean overall survival of 43months
[49].

4.2. ORF1 expression

The importance of ORF1 to LINE-1 function, lends to the hypothesis
that ORF1 may serve as a biomarker of LINE-1 activity and be of value
as a companion diagnostic and prognostic biomarker in the clinic.
Direct evidence validating the value of ORF1 as a biomarker in different
types of cancer are somewhat limited, however. In this context, Su et al.
reported a close association between expression of ORF1 and stage of
malignant germ cell tumors at the time of diagnosis. They highlighted
that this increased expression was in contrast to the peritumoral normal
tissue, which had low or undetectable levels of expression [50]. Harris
and authors, on the other hand, demonstrated that nuclear localization
of ORF1 to be associated with poor prognosis in breast cancer. Further,
individuals expressing high levels of nuclear ORF1 were more likely to
have distant metastasis and significantly reduced overall survival and
disease-free survival [51]. Chen and authors built upon the work of
Harris et al. by investigating the association of not only ORF1, but also
ORF2 localization with cancer prognosis [36]. They reported that nu-
clear localization, but not cytoplasmic expression, was strongly corre-
lated to survival, and that nuclear localization of both proteins in-
creased as prognosis worsened. Interestingly, the authors report that
expression of ORF1 and ORF2 in pre-invasive cancers (ductal carcinoma
in situ) was primarily cytoplasmic and only a subset of invasive carci-
nomas exhibited nuclear ORF1 and ORF2, and this expression was
strongly associated with a poor prognosis.

4.3. ORF2 expression

Few authors have examined the correlation of ORF2 and cancer
prognosis. De Luca et al. describe enhanced expression of LINE-1-en-
coded ORF2 in early stages of colon and prostate transformation [19].
As mentioned previously, Chen et al. describe the importance of nuclear
localization of ORF2 to the prognostic value of this protein in cancer
[36]. In non-neoplastic breast tissue, they report frequently un-
detectable levels of ORF2 in either the cytoplasm or nucleus, while
nuclear expression of ORF2 (in addition to ORF1) was found to be an
ominous prognostic marker. Interestingly, their findings describe the
majority of ORF1&2 being cytoplasmic in non-invasive ductal carci-
noma in situ (DCIS) and not associated with an increase in morbidity
and mortality. The authors surmised this could be due to the fact that
LINE-1 activity is frequently detected in early tumor development. By
the time the tissue has escaped the clonal expansion stage, the increased
genetic diversity afforded by retrotransposon activity may be un-
necessary or even harmful to tumor growth, albeit the low number of
DCIS samples included in the study may not have been sufficient to
make a more specific claim.

De Luca and authors developed a highly-sensitive monoclonal

antibody to quantify and localize ORF2 in early stages of colon and
prostate transformation [19]. They report similar findings to what Chen
et al. reported in breast cancer; in prostate and colon cancer, normal
tissues express ORF2 at very low or even undetectable levels, while
expression increases as the cancer progresses. Furthermore, they found
evidence to support a biphasic nature of ORF2 expression in carcino-
genesis, with (1) an initial burst of LINE-1 activity which produced
large amounts of ORF1 and ORF2 as tissues transform from normal to
precancerous, and (2) a second, broader wave corresponding to massive
retrotransposition events as tissues progress from pre-cancerous to
overtly cancerous.

5. LINE-1 expression and activation as a companion diagnostics of
response to Cancer therapy

Acquired or inherent drug resistance within subpopulations of het-
erogeneous tumor cells presents a significant impediment to successful
cancer treatment. There is limited clinical data examining LINE-1 ex-
pression and activity as a biomarker for resistance to cancer therapy,
but several cell-based studies have implied LINE-1 dysregulation to be
mechanistically linked to therapy resistance in cancer cells.

One of the few clinical studies examining LINE-1 and its role in drug
resistance focuses on esophageal squamous cell carcinoma (ESCC) [49].
In addition to the association of LINE-1 methylation status with cancer
prognosis, a correlation with the hypomethylation index in cancer tis-
sues and increased expression of MDR1 has been reported in a popu-
lation of 310 ESCC patients. MDR1 is one of the main mechanisms for
drug resistance of cancer cells, as overexpression of this protein in-
creases the amount of the cancer drug that is pumped out of the cancer
cell. Although the authors do not show a direct relationship between
increased MDR1 expression and LINE-1 decreased methylation, they did
show that in the few cases of ESCC where LINE-1 was hypermethylated,
these patients had decreased expression of MDR1 [49], implying an
association between LINE-1 hypomethylation and multi-drug resistance
in ESCC.

Mechanistic studies on cell lines implying a role for LINE-1 ex-
pression and mobilization as a biomarker of resistance to conventional
chemotherapeutics are more abundant in the literature. The majority of
this work focuses on LINE-1's role in overexpression of ATP-binding
cassette transporter (ABC) MDR1, androgen resistance in prostate
cancer, resistance to tyrosine kinase inhibitors (TKIs), resistance to
cisplatin, or other platinum drugs.

For instance, LINE-1 has been proposed to play a role in androgen-
independent activation of androgen receptor (AR) in prostate cancer
[52]. LINE-1 can randomly insert into the genome and promote the
overexpression of AR as well as create splice variants of the AR gene
that may be ligand-independent [52]. This, in turn, activates several
pathways that increase cell proliferation and growth. Lu et al. have
shown that the coiled-coil domain of ORF1 directly binds to AR and
aids in translocation of AR from the cytoplasm to the nucleus [53].
Ultimately, this results in activation of AR-mediated cellular prolifera-
tion pathways, even in the absence of AR ligand, leading to develop-
ment of castration-resistant prostate cancer [53].

Another example from Reyes-Reyes et al. who have shown LINE-1
dependent epithelial to mesenchymal transition (EMT) and malignancy
in human bronchial epithelial cells (BEAS-2B) through a TGFβ1-LINE-1
mechanism [54]. When BEAS-2B cells were treated with TGFβ1, EMT
was marked by an increase in vimentin and a decrease in epithelial-
associated cadherin [54]. Furthermore, both ORF1 and ORF2 mRNAs
were upregulated when cells were treated with TGFβ1. To further
confirm the role of LINE-1 in the TGFβ1 signaling pathway, an ORF1-
specific siRNA was introduced into the cells. This siRNA caused com-
plete knockdown of ORF1, but did not affect TGFβ1 levels, indicating
that LINE-1 is downstream of TGFβ1. Overexpression of either wild-
type LINE-1 or mutant LINE-1 lacking RT activity was sufficient to in-
duce EMT in the BEAS-2B cells. Sunitinib maleate, a VEGFR2/PDGFRB
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inhibitor, did not decrease proliferation in BEAS-2B cells over-
expressing either wild-type or mutant LINE-1 [54]. In addition, re-
sistance to sunitinib maleate was marked by an increase in (phospho)
ERK1/2 and (phospho)AKT, two survival pathways that are commonly
upregulated during the course of drug resistance in cancer cells [54].
Thus, LINE-1 plays a direct role in EMT as a downstream component of
TGFβ1 signaling and promotes drug resistance by over-activation of
survival pathways. Surprisingly, this effect occurs even without intact
RT activity.

Feng et al. investigated the association between ORF1 expression
and resistance to epirubicin, cisplatin, and paclitaxel in hepatocellular
carcinoma (HCC) HepG2 cells [55]. They found a 3-fold increase in the
IC50 of cisplatin in cells transfected with ORF1 compared to control, a
modest increase in IC50 of epirubicin, and a statistically insignificant
change in the IC50 of paclitaxel. Transfection of cells with ORF1 siRNA
significantly decreased the IC50 for all three drugs by up to 9-fold [55].
Overexpression of ORF1 also caused an increase in cell proliferation,
increased expression of the MDR1 protein, and promoted transcription
of the androgen response element (ARE), indicating a direct role for
ORF1 in mediating drug resistance. Furthermore Feng et al. found that
the increase in proliferation was likely due to downregulation of p21,
p15, and p27 proteins which are involved in checkpoint inhibition of
the cell cycle [55]. Overexpression of ORF1 decreased apoptosis in
HepG2 cells when they were treated with epirubicin, cisplatin, or pa-
clitaxel and this was marked by an increase in BCL-2 protein. Finally,
co-immunoprecipitation studies with ORF1 constructs have indicated a
physical interaction between ORF1 and cisplatin-resistance-associated
overexpressed protein (CROP or LUC7L3) [1]. Taken together, these
data indicate a clear role for ORF1 in chemotherapeutic resistance,
although the full mechanism is yet to be elucidated.

More recently, the association between LINE-1 expression and ef-
fectiveness of cancer immunotherapeutics have attracted attention
[56]. In these cases, LINE-1 hypomethylation may be a positive in-
dicator of response, perhaps through potential increase in im-
munogenicity of tumor. In this context, LINE-1 can serve as a ther-
apeutic target particularly in metastatic cells. This aspect is discussed
more towards the end of the following section.

6. LINE-1 as a therapeutic target in cancer

It is known that LINE-1 activation leads to the synthesis of ORF1 and
ORF2 that mediate active retrotransposition events only when reverse
transcriptase (RT) function is preserved in the cells. Recent studies,
however, have provided evidence that the genome reprogramming by
LINE-1 can involve selective deregulation of genes via RT-independent
mechanisms [57].

LINE-1 expression and activation has been associated with an in-
crease in cancer cell proliferation [58], tumorigenesis [59] [60], dif-
ferentiation [61], EMT transformation [62] and metastasis [63] in
different types of cancer (reviewed in [64]). Several studies have shown
overexpression of LINE-1 transcribed factors in different cancer cell
lines compared to normal cells, as well [65]. The question is whether
differences in the activation and expression of LINE-1 in cancer versus
normal cells can be exploited to develop new cancer therapeutics.

Despite indications of LINE-1 expression and activity in cancer cells
or cancerous tissue, the direct evidence confirming a causative (driver)
role for LINE-1 mobilization in cancer emergence and progression, va-
lidating LINE-1 as a therapeutic target, are not that frequent in the
literature. Besides, recent data shows a discrepancy over the role of
LINE-1 expression in different subpopulations of heterogeneous tumors
[57].

As an evidence of direct involvement of LINE-1 expression in cancer,
inactivation of specific RT-encoding ORF2 elements using antisense
oliogonucleotides has been shown to inhibit the proliferation of human
hepatoma cells (Hep3B) [65]. In another study, inhibition of reverse
transcriptase (RT) coding LINE-1 elements by RNA interference (RNAi)

reduced proliferation, induced morphological differentiation and re-
programmed gene expression in melanoma and prostate carcinoma cell
lines [58]. Specifically, double stranded RNA oligonucleotides against
LINE-1 expression that reduced expression of ORF1 and ORF2 by 80% in
A375 cells compared to control cells receiving irrelevant RNA oligo-
nucleotides, showed a significant reduction in the expression of RT
proteins, increased differentiation, reduced growth, and reduced ex-
pression of c-myc and cyclin-D. The effects were in line and comparable
with those seen following treatment of cells with pharmacological in-
hibitors of RT, nevirapine and efavirenz. LINE-1 expression has also
been reported to affect cell adhesion, inflammation and cellular meta-
bolism process in Hep G2 cells [57]. Apostolou et al. have reported a
ten-fold increase in the number of cells undergoing apoptosis, a 5-fold
increase in the number of dead cells, a decrease in the expression of
genes for two transcription factors of embryonic stem cells, NANOG as
well as Sox2 genes, and a decrease in the expression of epithelial to
mesenchymal transformation (EMT) markers following suppression of
LINE-1 ORF2 by siRNA [66]. However, it is not clear how stemness is
being identified and maintained in vitro in this study.

In accordance with the activation of LINE-1 RT enzymes in cancer,
several known RT inhibitors have been exploited as potential ther-
apeutic agents in cancer [67]. However, in most studies, a direct as-
sociation between specific inhibition of RT coded LINE-1 by the RT
inhibitors and their observed anticancer activity has not been estab-
lished. RT inhibitors, such as nevirapine and efavirenz, induce three
major effects in tumor cell lines and primary tumor cells from patients:
(i) reduce cell proliferation rate; (ii) induce cell differentiation; and (iii)
lead to global reprogramming of gene expression [68]. Notably, the
effects of RT inhibitors are found to be reversible upon discontinuation
of treatment and do not lead to tumor eradication, but rather keep
tumor progression in check. For instance, upon treatment with a well-
established RT inhibitor, nevirapine, decreased cell growth in 9 dif-
ferent murine and human progenitor and tumorigenic cell lines have
been observed [69]. Nevirapine treatment was also shown to facilitate
the differentiation of several cells, including C2C7 myogenic precursor
cells, multipotent F9 teratocarcinoma, Kasumi-1 cells as well as primary
AML blasts. The onset of differentiation was accompanied by reduced
cell growth in treated murine C2C7 myogenic progenitor cells and in
multipotent F9 teratocarcinoma cells. Moreover, human acute myeloid
leukemia (AML) cell lines and primary blasts from two AML patients
blocked at different differentiation stages, all underwent differentiation
in response to nevirapine exposure.

The same group has reported high levels of RT activity in un-
differentiated thyroid tumor cells. Consistent with earlier results, they
found RT inhibitors to reversibly reduce tumor growth in human un-
differentiated thyroid tumor cells, increase cells in G0/G1 phase, with
no effect on the level of apoptosis or necrosis. Similar results were re-
ported by Dong et al. following treatment of human thyroid anaplastic
carcinoma cells with nevirapine. In this study, there was a synergistic
effect between nevirapine and TSH treatment in the induction of the
sodium/iodide symporter or NIS gene. The NIS is responsible for the
uptake of radio‑iodine, potentially making the thyroid cancer cells more
responsive to this standard radiation therapy of thyroid cancer [70].
There have also been reports on nevirapine treatment inducing cell
differentiation and radioiodine uptake in poorly differentiated thyroid
tumors, in vivo [71].

In line with the above reports, Sciamanna et al. also observed re-
versible inhibition of cell proliferation with a particular increase in the
proportion of G0/G1 cell population, following long term exposure of
nevirapine and efavirenz (in addition to siRNA against LINE-1 expres-
sion) in cells from A-375 melanoma, PC3 prostate carcinoma and TVM-
A12 primary melanoma-derived cells. Neither inhibitor caused sig-
nificant induction of cell death in A-375 or PC3 cell lines. Reversible
morphological changes consistent with differentiation of cell lines and
melanoma primary cells were also observed by electron and confocal
microscopy upon treatment of cells with RT inhibitors. The results also
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showed reversible induction of androgen receptor (AR) and prostate
specific antigen (PSA) genes in PC3 cells, and that of E-cadherin as well
as down regulation of Bcl2, c-myc genes in melanoma cells following
treatment with RT inhibitors.

In line with the in vitro findings, nude mice continuously treated
with efavirenz at a dose of 20mg/kg, had inhibited growth of H69,
H29, A375 and PC3 tumors. Furthermore, efavirenz-pretreated PC3
cells showed a significantly reduced tumor-forming ability in vivo, and
xenografts grew more slowly. Although no direct evidence is provided
that the function of RT inhibitors in these cases are related to LINE-1 RT
inhibition, the authors argue that the absence of senescence-specific
modifications in the cells, and the rapid induction of differentiation,
indicate that the RT inhibitors do not target telomerase-associated RT
(TERT), and induce a low-proliferating differentiated phenotype rather
than senescence. The authors also conclude that the similarity of phe-
notypes induced by RNAi versus RT pharmacological inhibitors in-
dicates that inhibition of LINE-1 expression, or of RT activity, is suffi-
cient to delay proliferation and promote differentiation and rule out
any role for non-specific drug interactions leading to the above ob-
servations [58].

A new family of NNRT inhibitors, namely F2-DABOs, originally
developed as anti-HIV medications have also been tried for the same
purpose in human melanoma cell line A375. Lead compounds from this
RT inhibitor library have shown anti-proliferative activity, helped fa-
cilitate differentiation of cells, and inhibit tumor growth in nude mice
[72]. Following these studies, Carlini et al., investigated the anticancer
activity of Abacavir, a nucleoside reverse transcription inhibitor
(NRTI), against PC3 and LNCaP prostate cancer cell lines [73]. A re-
duction in cell growth, migration and invasion processes, and induction
of senescence and death in prostate cancer cells has been observed
following treatment with Abacavir. This was; however, followed by
upregulation of ORF1 and ORF2 mRNA in these cells in a time and dose
dependent manner. The mechanistic reason for this upregulation is not
clear. The authors speculated a role for ORF2 and its DNA damaging
activities in the induction of senescence and some anti-cancer effects of
Abacavir, without conduction of mechanistic studies.

Overall, the basic research findings from the literature points to a
benefit for RT inhibitors in reducing tumor growth, or as inducers of
cancer cell differentiation that may make cancer cells more susceptible
to the effects of chemotherapeutics. Indirect clinical evidence also lends
credibility to RT as a target in cancer therapy, albeit lack of evidence
associating this to LINE-1 activation. For instance, high reverse tran-
scriptase titers are found in the plasma of lymphoma and breast cancer
patients [74]. Epidemiological studies indicate a 30–50% lower in-
cident of Kaposi's sarcoma [75] and other AIDS-related cancers [76] in
patients treated with highly active antiretroviral therapy (HAART). This
could be attributed to improved immune reaction in treated patients or
suggest a direct inhibitory effect of HAART on the endogenous RT ac-
tivity in tumor cells. Both nevirapine and efavirenz are approved drugs
that have been used in AIDS treatment for several years. Repurposing of
these RT inhibitors in cancer therapy is an attractive strategy given the
proven safety of these medications.

Despite lack of mechanistic evidence, efavirenz is currently under-
going phase II trials in castration-resistant metastatic prostate cancer. In
this trial, patient with highest plasma concentrations of efavirenz
(> 3 μg/mL) have shown less cancer progression over those with lower
plasma drug levels [77]. Another RT inhibitor, nevirapine, has been
used in a patient with dedifferentiated metastatic thyroid carcinoma,
where restoration of thyroglobulin expression and radioiodine uptake
and also regression of metastatic lesions has been observed [78] [71].

In recent years, other strategies targeting different elements of LINE-
1 has been investigated. Idica et al. reported the discovery of the
binding ability miR-128 to LINE-1 RNA in the ORF2 coding region se-
quence, resulting in LINE-1 repression [79] [80]. Increased miR-128
expression was also shown to reduce nuclear import of ORF1 and in-
hibition of nuclear import factor Transportin-1 (TNPO1), resulting in

significant repression of LINE-1 mobilization to nucleus and retro-
transposition. miR-128 has been demonstrated previously to function as
a tumor suppressor, regulate cancer stemness and EMT, and modulate
the expression of different genes, including Nanog, HIF-1, VEGF,
TGFBR1, and EGFR in cancer [81] [82] [83]. The direct role of LINE-1
function in these events has not been reported, to the best of our
knowledge, to date.

Although the reverse transcriptase machinery remains within ORF2,
the loss of specific residues on the chaperone ORF1 can lead to an all-
but complete shutdown of retrotransposon activity in cell lines [84,85].
ORF1 protein is also shown to promote proliferation and invasion in
colorectal cancer by upregulating the activity of the oncogenic ETS-1
transcription factor, in vitro and in vivo [86]. Crystal structure of ORF1
has been solved [87]. Mutations in ORF1 serine 119 or di-arginine 261/
262 has led to a reduction in the frequency of transposition to< 0.06%
compared to wild type cells. Mutation of an active-site in the reverse
transcriptase domain of ORF2 (D702Y) has been reported to knock
retrotransposition down to 0.15% of wild type [88] [89]. These findings
suggest inhibition of ORF1 and ORF2 might be considered for anti-
cancer therapy.

Recent studies by Guler et al., indicate a somewhat contrasting role
for the activated LINE-1, in EGFR-mutant NSCLC cell line PC9 and its
transiently drug tolerant subpopulation that has survived treatment by
the EGFR kinase inhibitor, erlotinib. Their data suggested a role for
epigenetically repressed LINE-1 in conferring transient tolerance
against cell death by erlotinib in this subpopulation of PC9 cells. The
authors suggest drug induced activation of transposable elements, can
contribute to the genetic adaptation benefits and cancer cell survival.
This has been found in patients that have relapsed on cancer drugs.
However, at the same time, transposable elements may provide an
advantage reducing the fitness of cancer cells surviving therapy. In this
context, the use of histone deacetylase (HDAC) inhibitors and DNA
demethylating agents have shown promise in reducing the number of
drug tolerant subpopulation of NSCLC [90].

Induction of immunogenic cell death by DNA demethylating agents
that makes cancer cells visible to cytotoxic T cells has been validate in
several cancers [91] [92]. This has inspired combination of these agents
with immune-therapeutics in cancer treatment.

7. Conclusions

Evidence from basic science, preclinical research as well as clinical
studies, point to an association between LINE-1 expression/activation
and tumorigenesis, cancer progression and response to therapy. Despite
ample evidence, the complete picture and mechanistic links between
LINE-1 expression/activation and progression of different cancers or
different cancer phenotypes is still unraveled. Translational develop-
ment of diagnostics tools targeting markers of LINE-1 activation (e.g.,
ORF1 and ORF2), can assist validation of LINE-1 activation as a com-
panion biomarker in cancer diagnostics and treatment. LINE-1 elements
have also shown potential as therapeutic targets in cancer. In this
context, RT inhibitors have been used in clinical trials in cancer and
shown promise, but a mechanistic link between anti-cancer activity of
RT inhibitors and deactivation of ORF2 is yet to be established. In an
opposite direction, LINE-1 hypomethylation through the use of HDAC
inhibitors, has also attracted a lot of attention. Although, the major role
of LINE-1 in the activity of these agents, is still not completely estab-
lished.

8. Future direction in research

The review of the literature shows great potential for LINE-1
pathway components, as biomarkers in cancer diagnosis/prognosis and
a target in cancer therapy. However, at the same time, it highlights the
need for the generation of more direct and mechanistically linked evi-
dence for the association between LINE-1 mobilization elements and
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cancer emergence, progression and/or response to therapy in both
preclinical basic science and/or clinical investigations. In particular,
further research in the following areas seem to have priority. Based on
current information, measurement of LINE-1 hypomethylation seem to
have utility as a companion diagnostic marker for pre-neoplasias and/
or as an indicator of cancer response to therapy in some types of cancer.
However, ORF1 expression may be a more reliable, and accessible
biomarker of LINE-1 activation, thus better fitting the criteria of a
companion diagnostic biomarker, when compared to LINE-1 hypo-
methylation. Furthermore, the application of different LINE-1 elements
as a companion diagnostic/prognostic biomarker, seem to be dependent
on cancer type, stage of the disease, and other underlying factors. With
respect to application of LINE-1 pathway elements as diagnostic and
prognostic biomarkers, it would be beneficial, if clinical and basic re-
search investigations could examine the levels of LINE-1 hypomethy-
lation along with ORF1/ORF2 expression. This will provide a more
comprehensive picture of LINE-1 overall activity. The shortage of in-
formation might have been partly attributed to the absence of vali-
dated, sensitive and minimally invasive means of quantification for
ORF1/ORF2 ratios. With recent progress in the development of sensi-
tive and reliable assays for both proteins, this shortcoming is expected
to be overcome in near future [21].

Expression of LINE-1 may lead to the generation of immune re-
sponse against developing tumors. As a result, endogenous mechanism
that regulate this expression may undergo positive selection during the

evolution of the tumor to more advanced stages. This rationale em-
phasizes the need for mapping of the LINE-1 activation elements during
the course of cancer progression in preclinical and clinical studies [92].
Besides, correlations between LINE-1 expression and its activation ele-
ments with tumor immunogenicity (and possibility for the development
of neo-antigens), may guide proper use of immunotherapeutic in clin-
ical settings. In this context, combination of chemotherapeutic drugs
that can induce expression of LINE-1, with immunotherapeutics can be
considered. For instance, in recent studies, carboplatin and anti-pro-
grammed death-1 demonstrated enhanced efficacy in lung cancer
clinical trials [93]. It has been speculated that the combinatorial effects
are due to the ability of carboplatin to induce repeat elements expres-
sion.

Because of the relative low expression of ORF2 compared to ORF1,
and its almost exclusive expression in neoplastic or pre-neoplastic tis-
sues, ORF2 may serve as a better therapeutic target than diagnostic or
prognostic biomarker. In this context, RT inhibitors have been used in
clinic and achieved some success. However, a direct relation between
RT inhibition and LINE-1 activity has yet to be established. The out-
comes from clinical trials may lead to both short term and long term
avenues of research. In short term, it may lead to more aggressive
pursuit of current RT inhibitors for a repurposed application in therapy
of cancer. In this context, tools measuring LINE-1 activation may pro-
vide a companion diagnostic approach for selection of patients who are
more likely to respond to RT therapy. In the long term, attention can be

Fig. 2. LINE-1 as a therapeutic target in cancer. Many potential therapeutic interventions have been tested experimentally for targeting the LINE-1 pathway in
cancer. Most of the work has focused on inhibition of ORF2p's reverse transcriptase (RT) activity by either oligonucleotides or re-purposed RT inhibitors. In addition,
miR-128 is an endogenous regulator of the LINE-1 pathway with therapeutic potential. miR-128 can block translocation of ORF1p to the nucleus in addition to
targeting LINE-1 RNA for degradation.
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paid to development of more specific and potent drugs targeting dif-
ferent elements of LINE-1 pathway activation (Fig. 2), as new cancer
preventive or therapeutic medicine.

The potential application of LINE-1 elements as biomarkers for re-
sponse/no response to cancer therapeutics is implicated through several
basic scientific preclinical explorations, mostly at a cellular level.
Clinical information on the potential utility of LINE-1 expression and
activation elements as biomarkers of precision medicine in cancer are,
however limited. If the value of LINE-1 is validated in this front, it can
help clinicians to make better decisions on the course and dose of
treatment for individual patients, lowering the incident of drugs' side
effects while administering more effective anti-cancer regimens. Future
investigations, directed towards finding a correlation between LINE-1
activation and chemo- radiation and immunotherapy [94] response in
different types of cancer is, thus warranted. In line with clinical in-
vestigations in this front, more attention should also be paid to basic
scientific research that can unravel the molecular mediators linking
LINE-1 expression to cancer resistance or susceptibility to certain
treatments in different cancer types. In parallel, attention should also be
paid to the preclinical cell-based assays as well as animal/human stu-
dies on the mechanistic links and pathways that governs the temporal
regulation of LINE-1 and its protein constituents during tumorigenesis
[10]. Such information will not only validate the utility of LINE-1
pathway as a companion diagnostic biomarker, but also will assist in
mapping the most relevant LINE-1 associated biomarker for different
types and stages of cancer.
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