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LINE-1 activity as molecular basis for genomic instability associated
with light exposure at night

Victoria P Belancio*
Department of Structural and Cellular Biology; Tulane Cancer Center; Tulane Cancer for Aging; Tulane Center for Circadian Biology; Tulane University;

New Orleans, LA USA

The original hypothesis that exposure
to light at night increases risk of

breast cancer via suppression of nocturnal
melatonin production was proposed over
2 decades ago. In 2007, shift work that
involves circadian disruption has been
recognized by the World Health Organi-
zation as a probable human carcinogen.
Our discovery of melatonin-dependent
regulation of LINE-1 retrotransposon
expression and mobilization is the latest
addition to the list of cellular genes and
processes that are affected by light expo-
sure at night. This finding establishes an
unexpected health relevant connection
between this endogenous DNA damag-
ing agent and environmental light expo-
sure. It also offers an appealing
hypothesis pertaining to the origin of
genomic instability in the genomes of
individuals with light at night- or age-
associated disruption of melatonin sig-
naling.

We recently discovered that melatonin
signaling suppresses endogenous L1
expression in a tissue-isolated xenograft
model of human prostate cancer, and mel-
atonin receptor 1 (MT1) overexpression
considerably suppresses L1 and L1-driven
Alu mobilization in cancer cells.1 Our
recent findings illustrate several novel fea-
tures of L1 biology directly relevant to
human health. Specifically, we highlight a
new dimension to the complex regulation
of both L1 expression and damage
through the unforeseen connection
between L1, the host’s circadian system,
and environmental light exposure at night
in vivo.

Long Interspersed Element-1 (LINE-1
or L1) is a currently active mobile genetic

element that belongs to the group of non-
long terminal repeat (LTR) retrotranspo-
sons. L1 is expressed in both the germ line
and somatic cells, where it contributes to
genomic instability via a “copy-and-paste”
mechanism of amplification.2 This mode
of propagation has resulted in approxi-
mately 500,000 L1 loci in the human
genome, comprising 17% of the host
genomic content.3 The majority of these
loci are fossils of previously active L1 ele-
ments. Based on our knowledge, the bulk
of retrotransposition in the human
genome originates from a handful of
active L1 loci fixed in the population,4,5

hundreds of highly active polymorphic
L1s with variable allele frequencies,6,7 and
an undetermined number of private L1
elements.7 Consequently, any given
genome harbors a unique assortment of
active L1s, which impose distinctly differ-
ent loads of genomic instability.

Expression of L1 mRNA and 2 pro-
teins (ORF1p and ORF2p) encoded by
this RNA followed by their assembly into
a functional ribonucleoprotein (RNP)
particle are prerequisites of successful L1
retrotransposition8,9 (Fig. 1). Among
many requirements, L1 integration relies
on the activity of the ORF2p-encoded
endonuclease, which recognizes and
cleaves at A/T-rich sequences.10 There are
millions of suitable EN sites randomly dis-
tributed throughout the human
genome.11 Their presence, combined with
the length variability of newly inserted L1
sequences, which contain functional poly-
adenylation and splice sites,12-14 shape the
unique content-specific consequences of
each integration event.15,16 In addition to
cumulative L1 activity in any given
genome, the differences in the function of
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available cellular pathways suppressing L1
activity may contribute to the reported
variation in L1 retrotransposition among

individual genomes.17-19 The increasing
list of host proteins and pathways reported
to suppress L1 mobilization in cultured

cells is an implicit indication of the impor-
tance of minimizing L1-associated damage
(Fig. 2).13,14,16,20-34

It remains largely unknown how these
various cellular functions affecting L1
activity are balanced in vivo.28,35 The lack
of understanding how the coordination of
cellular networks relevant to the L1 life
cycle are established in vivo is further
complicated by the fact that expression or
function of about 3,000 mammalian
genes exhibit circadian rhythmicity in
vivo.36 Temporal organization of cellular
functions in all tissues is an important
component of living systems. This task is
carried out by the host circadian system,
which is governed by an autonomously
oscillating central circadian clock located
in the hypothalamic suprachiasmatic
nucleus (SCN) of the brain. It is known as
a “master regulator,” as the disruption of
its function (known as circadian disrup-
tion) results in a systemic break down of
normal functions in many peripheral tis-
sues. The communication between the
central circadian clock and the clocks
functioning in peripheral tissues is estab-
lished in part by the neurohormone mela-
tonin. Melatonin is produced by the
pineal gland during the dark phase of the
circadian cycle, and its synthesis is sup-
pressed during the day by exposure to
light. Suppression of melatonin produc-
tion at night by exposure to artificial light
is a contributing factor to the negative
health consequences of circadian disrup-
tion associated with shift work.37-40 Mela-
tonin signaling in targeted tissues is
established through its G protein-coupled
receptors, MT1 and MT2, which are
expressed in a tissue-specific, circadian
manner.41 Circadian-regulated melatonin
synthesis coupled with circadian oscilla-
tion of melatonin receptor expression is
an important, evolutionarily conserved
mechanism that has developed to synchro-
nize biological functions with the period-
icity of environmental light/dark
cycles.42,43 Industrialization created an
environment of continuous exposure to
artificial light at night (LAN or LEN, light
exposure at night). The negative health
consequences of this, including an
increased risk of cancer, have only recently
begun to be officially recognized by the
medical community.39,44,45 It seems

Figure 1. Genomic instability associated with L1 activity. A functional full-length L1 element con-
tains a polymerase II promoter in its 50 untrunslated region and 2 open reading frames ORF1 (blue)
and ORF2 (black), which encode proteins necessary for L1 retrotransposition. Both proteins associ-
ate with the L1 mRNA to form ribonucleoprotein (RNP) particles that are considered to be retro-
transpositional intermediates. The ORF1p functions as a trimer, which has a nucleic acid chaperon
activity. The ORF2p contains an endonuclease (EN) and reverse transcriptase activities (RT) critical
for nicking genomic DNA and generating L1 cDNA. Either as a part of the L1 RNP or as a “loose” pro-
tein, the ORF2p is responsible for the generation of DNA double strand breaks (DSBs). L1 has a
potential to contribute to genomic instability through retrotransposition, non-allelic homeologous
recombination between integrated L1 or SINE Alu sequences, and DSBs.

Figure 2. Many diverse known and yet unidentified cellular proteins and pathways suppress LINE-1
Alification by preventing L1 expression or integration. Some of the proteins and processes reported
to affect L1 expression or integration are shown.
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plausible that the LAN-associated increase
in cancer risk originates from the increase
in genomic instability, as the loss of
genome integrity is an underlying cause of
cancer.

We recently reported an unexpected
connection between melatonin signaling
through its receptor(s) and endogenous
L1 expression in a tissue-isolated xenograft
model of human prostate cancer.1 Analysis
of endogenous human L1 expression in
PC3-derived xenografts perfused with
human blood collected at noon or mid-
night as well as at night after exposure to
bright light demonstrated that night-time
blood suppresses L1 expression. The

addition of exogenous melatonin to mela-
tonin-poor blood during perfusion sup-
pressed L1 expression; while the addition
of non-selective antagonist of melatonin
receptors during perfusion with melato-
nin-rich blood restored detection of L1
mRNA in tumor samples. These findings
established the involvement of melatonin
signaling in the regulation of L1 mRNA
expression. Consistent with this finding,
overexpression of MT1 receptor in cul-
tured cancer cells dramatically decreased
retrotransposition of L1 and Alu elements.
This effect was significantly abrogated
through treatments with melatonin recep-
tor antagonists. MT1 overexpression

significantly downregulated L1 ORF1
protein levels regardless of whether the
protein was expressed from the full-length
L1 element or an ORF1p expression plas-
mid with CMV promoter. Site-directed
mutagenesis of putative phosphorylation
and ubiquitination sites identified within
the ORF1 protein sequence eliminated
MT1-dependent suppression of ORF1
protein levels, suggesting that MT1 signal-
ing may result in a phosphorylation-
dependent degradation of ORF1 protein
(Fig. 3).

While it remains to be determined
whether LAN increases mobilization of
endogenous L1 in human samples, our
findings establish an important hypothesis
that LAN-associated loss of L1 regulation
may be an underlying cause of higher inci-
dence rates of cancer in a growing subpop-
ulation of individuals regularly
experiencing LAN, most notably shift
workers. Based on this hypothesis, the
considerable differences in L1 retrotrans-
position observed among human tumors
of the same type19,46 may in part be due
to the variation in patients’ individual his-
tory of LAN. A variation in the efficacy of
circadian systems dictated by genetic
makeup of core circadian clock genes,
melatonin receptors, and/or nighttime
melatonin synthesis among patients may
also influence L1-associated genomic
instability. Furthermore, it is plausible
that in addition to its direct effect on L1
ORF1 protein, LAN and associated circa-
dian disruption may increase L1 activity
indirectly by disrupting the function of
host proteins or pathways suppressing L1
retrotransposition. For example, LAN can
disrupt DNA damage response and repair,
metabolism, and other signaling net-
works.47-52 L1 proteins have been
reported to associate with numerous host
proteins,20,34 and multiple cellular factors
are known to suppress L1 mobilization in
cultured cells. These findings suggest that
the balanced existence of these complex
suppressive interactions could be upset by
LAN (Fig. 1).

If the same regulation takes place in
normal cells, then L1-induced mutagene-
sis may also contribute to the early stages
of tumorigenesis. Somatic cells also sup-
port L1 expression and retrotransposition
(albeit with reduced efficiency and

Figure 3. Proposed mechanism of melatonin-induced suppression of L1 mobilization. mRNA
expression of functional L1 loci results in translation of L1 encoded ORF1 and ORF2 proteins (blue
and black circles, respectively). The L1 mRNA and proteins associate to form L1 ribonucleoprotein
(RNP) particles that undergo retrotrotransposition resulting in L1-associated genomic instability.
Nocturnal melatonin production (purple triangles) activates G-coupled melatonin receptors leading
to activation of melatonin receptor signaling network, which includes multiple kinases. Our data
suggest that activation of this melatonin receptor signaling cascade results in ORF1p phosphoryla-
tion (¡p) at one or more putative phosphorylation sites. Our results support that the phosphory-
lated ORF1p is targeted for ubiquitination (¡Ub) and proteosomal degradation accounting for the
reduced ORF1p levels and retrotransposition detected in the presence of melatonin receptor 1.
This mechanism would be consistent with the mechanism of melatonin receptor-dependent sup-
pression of other cellular proteins, which involves phosphorylation-induced ubiquitination target-
ing these proteins for proteosomal degradation. Solid arrows identify established events, dashed
arrows represent events proposed based on our findings. Exposure to artificial light at night (LAN),
which occurs during shift work, suppresses nocturnal melatonin synthesis blocking its downregula-
tion of L1-induced genomic instability. Therefore, our data suggest that exposure to LAN may
increase L1-induced genomic instability, which could contribute to the increased risk of cancer
associated with shift work.
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frequency compared to cancer cells).53-57

The levels of melatonin receptor expres-
sion vary significantly between normal
and cancer cells, with most cancers
expressing higher (and only a few lower)
levels of the MT1 receptor than their cor-
responding normal tissues.58-62 This sug-
gests that cancer cells may be
hypersensitive to melatonin suppression
relative to their normal counterparts. The
tissue-specific differences in the levels of
melatonin receptor expression61 suggest a
possibility that various tissues may be
experiencing different levels of upregula-
tion in L1-induced damage upon LAN.
We previously reported differential
expression of endogenous L1 mRNA in
various human tissues.53 Based on our
recent discovery, it is possible that the
observed tissue-specific differences were
due, in part, to this phenomenon or time-
of-day variations in tissue collection
between different samples. Understanding
the health-relevant impact of LAN on L1
activity in normal cells is an important
next step in our research, as it is directly
relevant to aging and age-associated dis-
eases. It is established that melatonin pro-
duction and its receptor expression
decline with age,63 suggesting the possibil-
ity of an increase in L1-induced damage
with age. As previously mentioned, geno-
mic instability is an underlying cause of
most cancers. As the only autonomous ele-
ment still active in the human genome, L1
is the driving force of TE (transposable
element)-associated genomic instability in
humans that can contribute to cancer- rel-
evant mutations.19,64,65 As normal cells
are equipped with all functional pathways
controlling the L1 replication cycle, LAN
could be a signal that may increase L1
activity in normal cells by eliminating
some redundancies set in place to suppress
L1-induced damage.66 If so, L1-associated
damage could be a molecular link between
LAN and increased cancer risk observed
in shift workers and potentially other
groups in the general population fre-
quently experiencing exposure to light at
night.

Overall, upregulation of L1 expression
is one of many cellular events and pro-
cesses that are affected by exposure to arti-
ficial LAN and have the potential to

negatively impact human health. Con-
tinuing scientific progress and growing
public awareness about the negative health
consequences of exposure to LAN should
eventually culminate in routine consider-
ation of personal history of exposure to
light or light-emitting electronic devices at
night as a part of diagnosis or individual
treatment plan.
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