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Integrative Biology

Insight, innovation, integration

Biological systems such as cells adapt to persistent challenges with reshaping their genome toward
more specialized biological processes needed to cope with the situation, for example during
development of chronic pain or addiction following persistent exposure to nociceptive input or
drugs. The way in which specialization of cells is realized remains incompletely understood. This
simulation proposes a role of jumping genes. It is demonstrated that sets of genes containing a
substantial subset of genes carrying active LINE-1 retrotransposable elements implement a self-
limiting self-concentration process, which over time decreases the number of active genes, however,
more likely of those not carrying LINE-1, which finally favors biological processes that are carried out

with a high number of LINE-1 containing genes.
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Abstract

Specialization is ubiquitous in biological systems and its manifold mechanisms are active research
topics. Although clearly adaptive, the way in which specialization of cells is realized remains incom-
pletely understood as it requires the reshaping of a cell’s genome to favor particular biological pro-
cesses in the competition on a cell’s functional capacity. Here, a self-specialization mechanism is
identified as a possible biological role of jumping genes, in particular of LINE-1 retrotransposition.
The mechanism is self-limiting and consistent with its evolutionary preservation despite its likely
gene-breaking effects. The scenario we studied was the need for a cell to process a longer exposition
to an extraordinary situation, for example continuous exposure to nociceptive input or the intake of
addictive drugs. Both situations may evolve toward chronification. The mechanism involves competi-
tion within a gene set in which a subset of genes cooperating in particular biological processes. The
subset carries a piece of information, consisting of the LINE-1 sequence, about the destruction of
their functional competitor genes which are not involved in that process. During gene transcription,
an active copy of LINE-1 is co-transcribed. At a certain low probability, a subsequently transcribed
and thus actually exposed gene can be rendered nonfunctional by LINE-1 retrotransposition in a rele-
vant gene part. As retrotransposition needs time it is unlikely that LINE-1 retrotranspose into its own
carrier gene. This reshapes the cells genome toward self-specializing toward those biological pro-
cesses that are carried out with a high number of LINE-1 containing genes. Self-termination of the
mechanism is achieved by allowing LINE-1 to also occasionally jump into the coding region of itself,
thus destroying the information about competitor destruction by successively decreasing the number
of LINE-1 until the mechanism ceases. Employing a computational functional genomics approach, we
demonstrate the biological plausibility in functional genomic data sets of potentially chronifying situ-
ations and interpret our results in relation to a biological mechanism of self-specialization of complex

systems in response to a persistent challenge as met in chronifying traits.
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Introduction

Transposable elements (“jumping genes”) in the DNA * form 45 % of the human genome * and have
proliferated during the past 80 million years . They use a copy and paste mechanism * and belong to
the two major classes DNA transposons and retrotransposons > °. Retrotransposons move via an RNA
intermediate and are classified into LTR-containing retroviral like and non-LTR retrotransposons ’.
Among the latter, long interspersed nuclear elements (LINE-1) are the only autonomously moving
retrotransposons. They account for approximately 17 % of the human genome % *2 of which the ma-
jority is nonfunctional although active LINE-1 is carried by a seventh of all human genes °. The inser-
tion of LINE-1 into active genes (Textbox 1) has often deleterious consequences, i.e., gene disruption
or splicing defects '° that inhibit the transcription or valid translation of the affected gene. However,
despite its potentially gene-breaking effect, LINE-1 has been evolutionary preserved. This suggests a
substantial biological role that confers a survival advantage to its carrier. In the present work, a po-
tential role of LINE-1 and its mechanism (Figure 1), providing a possible motive for its evolutionary
preservation, was investigated using a computer simulation (Figure 2). The results suggested that
LINE-1 is involved in a self-terminating gene competition mechanism that enables cell self-
specialization toward biologically plausible consequences, as shown in data sets comprising function-

al genomics of chronifying traits.

Methods

Computer simulation of the mechanism by which jumping genes facilitate gene competition

A computer simulation of the proposed mechanism of LINE-1 mediated facilitation of gene competi-
tion was implemented using the LabVIEW® programming environment (version 2014 for Linux, Na-

tional Instruments, Houston, TX, USA; **; for another simulation example, see *?). LabVIEW' is a tool
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for data acquisition and processing available for multiple platforms including Windows, Mac OS X,
and Linux. A LabVIEW" program consists of a front panel that contains graphical elements of the user
interface, including controls and data visualizing elements (Figure 3), and of a block diagram that
contains the programming code (Figure 4). The latter is created using the programming language “G”
that employs a wiring analogy resembling an electrical circuit diagram, i.e., objects are connected
graphically by drawing lines between specific connectors (Figure 4). Abstract program code is not
needed, which is a qualitative difference to classical programming languages such as C or FORTRAN.
Available elements provide basic to advanced mathematical functions for data processing, of which
for the present simulation sufficed basic arithmetic operations, random number generators [0..1]
and numerical array structures. Program execution is controlled, for example, by while-loops, condi-

tional if-then-else structures or sequences [1,2..n].

The continuous cellular process of gene transcription was implemented by letting the program run in
loops that recalculate the number of genes, separately for those carrying LINE-1 or not, the number
of currently functional copies of LINE-1, and the number of still retrotransposable and LINE-1 that are
still available for the mechanism, regardless of their current state of translation. Each loop has the
meaning of the transcription of one gene. If a gene carrying active LINE-1 is transcribed, the latter is
considered to also be transcribed at this occasion, which raises the pool of currently active LINE-1
retrotransposable elements by one. Each active LINE-1 is assigned with a “lifetime” consisting of the
number of subsequent gene transcriptions during which the translated copy of LINE-1 can jump into
a currently transcribed gene; in the present simulation this lifetime has been arbitrarily set at a value
of 1. With an also arbitrarily set probability (p = 107), LINE-1 can jump into a relevant part of the gene
actually transcribed during the lifetime of this LINE-1 element, which leads to the functional destruc-
tion to the gene. This was implemented by decreasing the number of LINE-1 containing or not LINE-1

containing (pain) genes by 1, depending on the group to which currently transcribed gene belonged,
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which was randomly chosen at probabilities depending on the actual ratio of LINE-1 carrying to non-

LINE-1 carrying genes.

However, the simulation was programmed so that LINE-1 cannot jump into the gene from which it
has been transcribed as LINE-1 needs mRNA transport out of the nucleus, translation of its compo-
nents, for example of ORF2 that contains the code for the endonuclease ** and confers reverse tran-
scriptase activities, re-entering of the nucleus, which are time-consuming processes unlikely to occur
during transcription of the gene from which the actual copy of LINE-1 originated. According the pro-
posed mechanism, LINE-1 is able to jump only when the transcription and thus the exposure of its
origin gene has been ended. As this process would nevertheless result in the destruction of all genes
over time, which is biologically not plausible as an evolutionary preserved mechanism, a self-
limitation of the mechanism had to be implemented by creating the possibility that LINE-1 can also
jump into a DNA sequence part that carries the genetic information of active LINE-1 in a currently
transcribed gene. This was implemented by decreasing the number of LINE-1 by one, finally leading

to the cessation of the LINE-1 mediated gene competition.

As LINE-1 can be anywhere in a gene and its relevant sequence is smaller than that of the average
pain gene, the probability of this event can be a fraction of the probability of hitting a relevant func-
tional part of a protein coding gene, which was implemented as a factor (> 0 and < 1; arbitrarily set at
0.3) by which the aforementioned probability was multiplied. A further modulation of this process
was implemented by alternatively allowing that destruction of a LINE-1 containing gene could either
stop the transcription of that gene including that of LINE-1, or the possibility of transcription of the
included LINE-1 could continue, which merely changed the speed of the whole process without fur-
ther qualitative consequences. Finally, the simulation stops when no transposable LINE-1 is left due
to the self-limitation mechanism. The result of the gene-competition enhancing mechanism was

measured as the so-called “concentration scorer of LINE-1 carrying genes” defined as:
5
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LINE1 G-NonLINE1 G

ConcentrationScore;yg1¢ = ~5 INELCNonLINELG where LINELG and NonLINE1G denote
initial ’

the numbers of LINE-1 carrying or not LINE-1 carrying genes, respectively, (actual in the counter,

initial in the denominator) that are functional.

Data mining for functional genomics of traits

To assess the consequences of the proposed LINE-1 mechanism, topical sets of genes were analyzed
for the occurrence of LINE-1. The information on LINE-1 carrying genes was available from a list of
n= 1,454 genes ° with intragenic insertions of full-length (> 6000 bp) and putatively active LINE-1,
i.e., containing regulatory elements. This was available from a previous publication where these

14

genes had been identified using the L1Base database at http://linel.bioapps.biozentrum.uni-

wuerzburg.de/L1base.php (supplementary table S1 of °).

The consequences of the mechanism were studied for pain, which required a set of “pain genes”.
This set is an updated version from **, mainly based on the PainGenes Database . The pain genes
can be considered as coding for important players in pain (“referred to as “pain genes”). From the
intersection of pain genes with the LINE-1 containing genes, a subset of n = 45 pain genes (Table 1)

was identified to contain putatively active intragenomic LINE-1 on the basis of the L1Base database

14

A second set of genes was identified containing n = 386 genes reported to underlie substance addic-

tion ™. This trait was chosen as addiction has been reported to involvement LINE-1 ***°

. Moreover, it
shares some properties with chronic pain, such as the presence of a persistent stimulus triggering

chronification that involves neuronal plasticity. An intersection with the LINE-1 containing gene set

identified n = 21 LINE-1 containing genes within this set.
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The biological roles of trait-associated gene sets

The biological roles of a gene set were queried from the Gene Ontology knowledgebase (GO;

http://www.geneontology.org/) °. In the GO database the knowledge on the biological processes,

the molecular function and the cellular components of genes is formulated using a controlled and
clear defined vocabulary of GO terms that are annotated ! to the genes *>. Here, the GO category of
biological processes was used. GO terms are related to each other by “is-a”, “part-of”, “regulates”
and “subclass of” relationships forming a polyhierarchy that is organized in a directed acyclic graph
(DAG *3, knowledge representation graph). In this graph, the polyhierarchy of GO terms starts at the

root usually displayed at the top and containing terms with the broadest definition, and specializes

toward the leaves. Leaves represent GO terms of the narrowest definition.

Particular biological roles exerted the set of pain genes, among all human genes, were found by
means of an over-representation analysis (ORA **) using the web-based tool GeneTrail * (Table 2).
This compared the occurrence (annotation) of a set of genes annotated at GO terms with the ex-
pected occurrence of all human genes at these terms. The significance of a GO term associated with
a gene set was determined by means of a Fisher’s exact test that calculated p-values for the GO
terms. Subsequently, a correction for multiple testing was applied and only terms with a p-value
lower than a preset threshold t, were considered as significant. The result was a representation of
the complete knowledge on the biological processes the gene set (complete DAG). Usually this DAG
contains several hundred GO terms, called ORA set. To transform this information into a more intelli-
gible form, functional abstraction *® was applied. This identifies a special subset of GO terms, i.e.,
“functional areas”. Functional areas cover the entire knowledge in the complete DAG. Each
functional area describes one particular aspect of the knowledge contained in the complete DAG at a

maximum of coverage, certainty, information value and conciseness °.
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Excess or deficit of LINE-1 containing genes in the ORA term set

LINE-1 containing genes are a subset of the gene sets of pain and drug addiction. The percentage of
LINE-1 containing genes with respect to the number of genes in a gene set annotated to a particular

d 2%, the distribution of this percentage followed a hypergeometric

term was calculated. As expecte
distribution. For a given percentage p; of LINE-1 containing genes within the set of genes annotated
to a term T this allowed the calculation of p-values for pras the probability prob(p>pr) for probabili-
ties larger than the mean expected percentage and prob(p<p;) for probabilities smaller than the
mean expected percentage. This allowed the identification of terms in the ORA set which contained
either an excess or a deficit of LINE-1 carrying genes with respect to the statistical expectation. The
result could be assigned to the above-mentioned functional areas . This provided precise infor-

mation about those functional areas and subsumed GO terms that will be functionally favored re-

spectively neglected following concentration toward LINE-1 containing genes.

Results

A mechanism of LINE-1 facilitated genome self-specialization

The mechanism involves an advanced form gene competition in which a subset of genes cooperating
in particular biological processes carries a piece of information, consisting of the LINE-1 sequence,
about the destruction of their functional competitor genes not involved in that process. The mecha-
nism proposes that if a set of genes is read over a longer period of time and contains a substantial
subset of genes that carry active LINE-1 retrotransposable elements, then over time a preferential
destruction of non-LINE-1 carrying genes takes place. In particular, when the subset of LINE-1 carry-
ing genes is initially comparatively smaller by probabilistic reasoning more non-LINE-1 carrying genes

than carrying genes will be destroyed. Thus favoring LINE-1 containing genes, the action of LINE-1 will
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29, 30

finally lead to reshaping the genome of individual cells toward a self-specialization in those bio-

logical processes that are carried out with a high number of LINE-1 containing genes.

The biological mechanism is proposed as follows (Figure 1). If a gene that contains an active copy of
LINE-1 is transcribed, the retrotransposon can also be transcribed and thus retrotranspose. As inser-
tion of LINE-1 into active genes is more likely to have deleterious functional consequences *°. At a
certain low probability, a subsequently transcribed and thus actually exposed gene can be rendered
nonfunctional by LINE-1 retrotransposition in a relevant gene part, as its DNA is exposed for tran-
scription but also for retrotransposition. Since the latter needs time for translation of LINE-1, for-
mation of the ORF2 coded the endonuclease ** and re-entering the nucleus, it is less likely that LINE-1
retrotranspose into its own carrier gene. Usually the number of non-LINE carrying genes is substan-
tially bigger than the number of LINE-1 carrying genes in an active gene set. These two effects lead to
a preference for LINE-1 mediated destruction of non-LINE carrying genes. As a consequence, this
leads to a cell specialization toward LINE-1 containing genes and the biological processes exerted by
this subset of genes. Self-termination of the mechanism is achieved by allowing LINE-1 to also occa-
sionally jump into the coding region of itself, thus destroying the information about competitor de-
struction by successively decreasing the number of LINE-1 until the mechanism ceases. As the pro-
cess is time consuming, i.e., many gene translations are needed to satisfy the low probability of re-
trotransposition into a relevant gene part, the biologically plausible setting of the mechanism is the

chronification of traits.

Simulation of the gene-competition mechanism

The proposed mechanism of LINE-1 mediated gene competition was functionally assessed in a com-
puter simulation (Figure 3). The number of genes is continuously recalculated separately either for

those carrying LINE-1 or not carrying it. Transcription of a gene carrying active LINE-1 includes tran-
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scription of the latter raising the pool of currently active LINE-1 retrotransposable elements by one.
After a short while LINE-1 will be destroyed and this mechanistic feature also agrees with molecular
evidence 3!, However, during its active life span it can retrotranspose into a gene transcribed after
translation of LINE-1 and, at an arbitrarily set probability of p = 107, hit a relevant part implemented
by decreasing the number of active genes by 1 in the group of the currently transcribed gene. The
simulation indeed resulted in more deactivated non-LINE-1 carrying genes than deactivated LINE-1
carrying genes. However, the simulation ended in a biologically implausible complete destruction of
the cell’'s genome. This emphasized the need of implementing a self-limitation. This was simply
achieved by allowing LINE-1 to also jump into the coding region of LINE-1, thus destroying itself and

successively decreasing the number of LINE-1 until the mechanism ceases.

The satisfactory model consisted of a self-limiting LINE-1-mediated gene competition mechanism.
This leads to an asymptotically raising ConcentrationScore; g1 that finally favored the genes contain-
ing functional LINE-1 (Figure 3 right part). In consequence, this will favor biological processes in
which these genes are mainly involved. Hence, the cells undergo genomic re-programming toward a
self-limiting self-specialization on particular function(s). This mechanism of gene self-specialization
on biological processes, predominately exerted by LINE-1 containing genes, represents an important
biological mechanism provided that it can be shown that the role of the active genes changes toward

a meaningful function for the cell.

Application of the mechanism to functional genomics of traits

The simulation showed that the proposed mechanism can efficiently enhance gene competition in
settings where the cell is confronted with the need to process a persistent situation, for example
continuous exposure to nociceptive input or to chemical noxes. According to the proposed mecha-
nism, a self-specialization on biological processes associated with genes which carry particularly large

10
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proportions of LINE-1 will take place. If this implements an important biological mechanism these
genes should be particularly needed in a longer lasting cellular challenge. To explore the biological
role of the proposed LINE-1 mediated cell specialization, the nature of these processes was analyzed
in the functional genomics of pain and also the intake of addictive drugs. These biological conditions

share the presence of a persistent stimulus (nociceptive input, respectively chemical exposure).

Jumping genes are overrepresented in pain genes involved in neuronal restructuring

A set of n = 463 “pain genes” contained a subset of n = 45 putatively active LINE-1 carrying pain
genes queried from the L1Base database ' (Table 1). Following a simulation run with these gene-
count start values, 301 pain genes not carrying LINE-1 and 41 pain genes carrying it were left, which
was reflected in a raise in the ConcentrationScore g6 from initially -0.81 to -0.56. The subsequent

analysis addressed the functional consequences of this shift.

Over-representation analysis (ORA **) using a Bonferroni a-corrected p-value threshold, t,, of 0.05
resulted in 377 significant GO terms. Subsequent functional abstraction *® provided 12 terms (“func-
tional areas”) as a comprehensive coverage of the biological functions of the pain genes (Table 3).
Based on content of LINE-1 carrying genes expected from the hypergeometric distribution and the
number of pain genes annotated to a particular term, n = 23 terms with significantly more than ex-
pected LINE-1 carrying genes were found at p < 0.05 (Table 4). Regarding these terms within the
functional areas showed that the largest subset belonged to the GO polyhierarchy of the functional
area “nervous system development” (Figure 5). Specifically, LINE-1 carrying pain genes were found

« o«

more frequently than expected in GO terms “neuron development”, “regulation of neurogenesis”,

n u

“generation of neurons”, “neurogenesis” (Table 4). This pointed to processes related to neuronal

restructuring or neuroplasticity which seems to accommodate an interpretation as pain chronifica-

32-34

tion . By contrast, underrepresentation of LINE-1 carrying pain genes was found in the GO poly-

11
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hierarchy of “transport” and comprises ion transport processes, that are for example more needed in
acute signal transduction that according to the proposed model would be disfavored in a cell special-

ized toward chronification.

Jumping genes are overrepresented in addiction genes involved in neuronal restructuring

As an independent validation of above results, a set of 386 genes was used that reportedly underlie
drug addiction . It contained a subset of n = 27 genes with putatively active intragenomic LINE-1.
Over-representation analysis (ORA **) applying a rigorous t,=1.0- 10® and Bonferroni a correction,
resulted in a polyhierarchy of n = 140 significant GO terms that could be summarized into ten func-
tional areas *° (Table 5). Based on the percentage of LINE-1 carrying genes expected from the hyper-
geometric distribution and the number of addiction genes annotated to a particular term, n = 21
terms with significantly more than expected LINE-1 carrying genes were found at p < 0.05. Excess of
LINE-1 carrying genes was again found in the GO polyhierarchy of the functional area “nervous sys-
tem development” within the GO terms “neurogenesis”, “generation of neurons”, “neuron differen-
tiation” and “neuron projection development”. This verified in an independent data set that a cell

self-specialization as provided by the present mechanism, in a topical gene set of a potentially chron-

ifying nervous system trait may result in a preference of neuronal restructuring.

Discussion

In this paper we present a self-limiting self-concentration process that provides a plausible explana-
tion of the biological role of the so far incompletely understood jumping genes, i.e., of the function of
LINE-1 retrotransposition accommodating its evolutionary preservation in the genome. The mecha-
nism bears the potential of reshaping a cell’s genome toward biological processes required for the

response to persistently present environmental conditions. In this mechanism, self-concentration is

12
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achieved by implementing a competitive element, here in a gene set, that favors a subset of ele-
ments or genes which cooperate in the achievement of a particular (biological) process. The mecha-
nism runs, including its self-limitation, without necessity any external influence. However, it can be
modulated as implemented in the simulation by, for example, modulators of the probability of hits or

of the life-span of the competitive elements.

Starting point of the simulation was the need for a cell to process a given extraordinary situation, for
example, the necessity to process exposure to nociceptive input or to addictive drugs. Furthermore,
the situation should be persisting. The genetic response of a cell to such a situation is the transcrip-
tion of a specific set of genes which allows the cell to cope with the particular situation. The comput-
er simulation was restricted to the mechanism of hitting genes, either those not carrying LINE-1, or
those carrying LINE-1, or the LINE-1 genetic code itself, without any further implementation of a pos-
sible outcome. The mechanism involves an advanced form gene competition in which a subset of
genes cooperating in particular biological processes carries a piece of information, consisting of the
LINE-1 sequence, about the destruction of their functional competitor genes not involved in that
process. A main result was that after a certain period of time the cell’s genome specializes. This
means that the number of genes not containing LINE-1 was substantially reduced favoring the frac-
tion of LINE-1 containing genes, that was only slightly affected. As a consequence, the response of
the cell to a longer lasting condition will emphasize the biological processes corresponding to the
LINE-1 carrying genes and suppress the biological processes corresponding to the genes in that do

not carry LINE-1.

The self-specialization mechanism needs time to outplay its effects and is therefore likely to play its
role in trait chronification, i.e., the putative role of jumping genes is self-specialization of the genetic
response to a longer lasting situation by providing useful function for the organism. In pain and drug

exposure, following an immediate response a persistent condition has to be handled if the exposure,
13
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i.e., nociceptive input or drug intake, persists. It turned out that in both traits the processes to which
the cells specialize, i.e., those containing more LINE-1 carrying genes than expected by chance, are
mainly concerned with restructuring of neural networks in the brain. Estimation of the real time in
which this processes finishes as indicated by the curves in Figure 2 has to be regarded with caution as
in the present approach several assumption of probabilities, such as those of how likely a LINE-1 el-
ement retrotranspose in a functionally relevant exomic part of an active gene, were made arbitrarily.
The present simulation came close to a stable state of the process after approximately 200 million
gene expressions. When assuming a transcription rate of up to 70 nucleotides per second in humans

(see Table 1 in 3%, http://book.bionumbers.org/what-is-faster-transcription-or-translation/),

183,960,000 genes would be transcribed in a year. This is not an implausible duration for the chroni-
fication of pain, and adjusting the probabilities slightly would easily provide a shorter period of per-
haps not less than half a year. The estimated timelines agree with the clinical definition of chronic
pain for which intervals from 3 — 12 month from onset are recognized time estimates (e.g.,

https://en.wikipedia.org/wiki/Chronic pain).

Once the stable state of the process, i.e., chronification, has been reached, the cell specialization
toward chronification can be considered as established and the mechanism plays no further active
role. This agrees with the clinical experience. This convergence to a stable state required the imple-
mentation a self-limiting component in the proposed mechanism, which prevented its continuation
toward extinction of all active genes. Indeed, simulations with deactivated self-limiting component
mostly ended in a number of active genes close to or equaling zero, which contrasts with the patho-
physiological state of disease chronification that requires active cells. Thus, the inclusion of active
LINE-1 segments as possible targets of the retrotransposition as a self-limiting mechanism lead to
biologically more plausible results. Absence of this self-limitation would be possible, however, under

the scenario of a far slower gene transcription rate to avoid extinction of the cell’s active genome,
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which, while remaining a possibility that would require the additional assumption of a protection of
active LINE-1 segments from retrotransposition and would contrasts to the rather realistic temporal

scenario as elaborated in the previous paragraph.

A mechanistic involvement of LINE-1 in gene regulation and in chronification of pain would be sup-
ported by several lines of molecular evidence. DNA demethylation including that of transposons has
been proposed to be involved in the epigenetic regulation controlling the dosage of active genes *°
and hypomethylated intragenic LINE-1s are a nuclear cis-regulatory element shown to repress genes
°_ Moreover, roles of LINE-1 in pain or addiction are supported by molecular evidence including its
role in neuronal reshaping ¥, its presumed transcription in neural progenitor cells *, the reported
genomic change of individual neurons * leading to somatic mosaicism in the nervous system * fol-
lowing its release from epigenetic suppression *, the reported association of retrotransposition with
DNA hypermethylation °, which is met in neuropathic pain *® and the reduced LINE-1 histone methyl-
ation in the N. accumbens following cocaine exposure *°, the established role of neural plasticity in
chronic pain *! to which epigenetic mechanisms are recognized as important contributors *>, and the

43, 44

critical importance of the brain-derived neurotrophic factor (BDNF) for adult neurogenesis ,

which is coded by a LINE-1 containing pain and addiction gene (Table 1).

The reproducible involvement in trait chronification suggests possible LINE-1 related drug targets of a
novel class of analgesics against chronification of pain. Pending toxicity assessments, LINE-1 or relat-
ed enzymes including the ORF2 (LINE-1’s open reading frame 2, see Textbox 1) coded endonuclease
or APOBEC3A (apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3A) involved in anti-
LINE-1 defense 3 potentially as such targets. The derived drugs may serve as preventive treatments
of the development of chronic pain when the causative process persists, for which currently only a
few substances such as tricyclic antidepressants of calcium channel modulators are available. More-

over, the mechanism seems not to be restricted to the chosen example traits. An exploratory analysis
15
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of a chronic lymphatic leukemia gene set identified apoptosis as among processes with underrepre-
sented LINE-1 (details not shown), which is consistent with both, modified apoptosis of cancer cells

and a reported role of LINE-1 in the genetic regulation of cancer cells °.

Taking this generalization considerations a step further, an ORA of all 1,454 genes ° with intragenic
insertions of full-length (> 6000 bp) and putatively active LINE-1 gains all human genes known to the
GO database, applying a p-value threshold of 0.02 and false discovery rate (FDR) a correction fol-
lowed by functional abstraction to identify the main relevant biological processes exerted by a given
set of genes resulted in “learning and memory” (G0:0007611) and “neuron development”
(G0O:0048666) as the main processes in which functional LINE-1 carrying genes were overrepresent-
ed, i.e., more frequently found that expected from a random set of 1,454 genes. Importantly, using a
random set of n = 1,454 human genes for an ORA with the same statistical parameters, no significant
GO term emerged. This verifies the specificity of the present findings for the roles of LINE-1 in pain
and addiction and at the same time strongly hints at a general biological role of LINE-1 retrotranspo-
sition in cell specialisation during biological processes that can be interpreted as indicating chronifi-

cation. Indeed, leaning and neuronal plasticity are recognised features of chronifying pain *2.

The present mechanism of a LINE-1 mediated cell specialization is proposed as a possible motive of
the evolutionary preservation of active functional LINE-1 elements in 1,454 genes across the human
genome. It implies a few assumptions such as (i) the localization of LINE-1 within a subset of genes
that are not particularly needed under general lenient conditions, hence having less effect on the
biological fitness of individuals. This requires that (ii) LINE-1 mainly affects genes that are predomi-
nately needed in certain non-lenient conditions, i.e., the genes that host LINE-1 have been already
specialized in certain functions. While these points have been shown, by means of ORA, to possibly
apply to the traits of chronification of pain or addiction, they also emphasize that the proposed

mechanism addresses the reshaping of an actually living cell toward more specialized functions,
16
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which can only function after a precedent evolutionary process has led to the selection of preserved
LINE-1 segments in genes that meet above criteria. In this respect, the proposed mechanism provides
an evolutionary reason for this development, but should not be understood as the evolutionary
mechanism toward the selection of genes carrying LINE-1. A further assumption (iii) was the biologi-
cal advantage conferred by the LINE-1 preservation in certain genes. An alternative model could im-
ply a population of organisms in which some may have LINE-1 in important genes, such individuals
being deleterious in nature, and other individuals having this transposon in non-important genes,
with the latter individuals not being affected by the presence of LINE-1 gene. This would exceed the
present focus on the development of a cell specialization mechanism. This limitation, however, does
not hamper the functionality of the proposed mechanism. Establishing a possible evolutionary ad-
vantage in humans, it requires future research to analyze the distribution of LINE-1 containing genes,
including comparative analyses in other organisms with different population sizes, as, for example,

Drosophila melanogaster, to further explore the generic role of such a genetic mechanism.

LINE-1 retrotransposons have been proposed as modulators of quantity and quality of mammalian
gene expression '. We present a databionics, i.e., data processing methods learned from biology,
derived biologically plausible mechanism of this role that regulates both, the gene quantity as shown
in the computer simulation as well as the gene quality as shown in the systems biology analyses. This
resulted in the clear evidence that particular functional areas representing aspects of biological pro-
cesses are favored or disfavored, providing a possible motive for the evolutionary preservation of
LINE-1 across the (human) genome. Overall, we present a self-limiting mechanism of self-
specialization that is important both to explain a fundamental role of retrotransposition as an evolu-
tionary preserved property of the genome, as well as to advance the field of databionics based artifi-
cial intelligence *°. The latter is a generalization that implies that a subset of elements contains in-

formation that initiates a mechanism that preferentially destroys their competitors. It is self-limiting
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by also slowly destroying the necessary information itself, resulting in a reshaping of the system to-

ward more specialized tasks.

Supplementary information

Supplementary Information includes two lists of (i) n = 463 “pain genes” (file name “S1_Table.txt”)
and (ii) n = 386 “addiction genes” (file name “S2_Table.txt”) used for the present functional genomics
analyses, and the simulation program as LabVIEW implementation given as the source code and
complied for the Linux operating system (File name “S1_Software.zip”, see included file “Readme.rtf”

for instructions).
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Textbox 1: Molecular mechanisms of LINE-1 retrotransposition.

LINE-1 has a length of approximately 6 kb and consists of a 5’ untranslated region (UTR), two open
reading frames (ORF 1 and 2) and a 3’-UTR. The 5" UTR contains an internal RNA polymerase Il pro-
moter that initiates the transcription of the LINE-1 element. In addition, it contains sense and, in
addition, antisense promoters with binding motifs for transcription factors (e.g., the SRY-family or
RUNX3 *®). Following LINE-1 RNA transcription, mRNA is transported to the cytoplasm where the
two LINE-1-encoded proteins ORF1 and ORF2 are translated, which are both required for complete
LINE-1 retrotransposition. In detail, ORF1 seems to be important for the binding to nucleic acids *’
and for LINE-1 integration *®, while ORF2 contains endonuclease > and reverse transcriptase activi-
ties. The LINE-1 proteins form with the RNA ribonucleoprotein (RNP) complexes that are partly
transported back to the nucleus. There, the ORF2 endonuclease domain nicks genomic DNA causing
a free 3’-OH that serves as a primer for the reverse transcription of the LINE-1 RNA, a mechanism
called “target-site primed reverse transcription” (TPRT). However, the processes required for se-
cond-strand cleavage, cDNA synthesis and the completion of LINE-1 integration still need more clari-
fication . The remaining cytoplasmic RNPs are supposed to be hijacked by non-autonomous trans-
posable elements (e.g. Alu) to mediate their mobilization *°. Depending on where the hit the DNA,
the inserted LINE-1 elements may influence a gene in various ways, e.g., may disrupt the exonic

sequence, induce missplicing or exon skipping and other often deleterious effects *.
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Table 1: Lists of 45 pain genes (upper part) and 21 addiction genes (lower part) that contain putative-
ly active LINE-1. The list has been obtained as the intersection of a list of 1,454 LINE-1 containing
genes ° with a list of 463 pain genes updated and extended from a recent report * respectively a list
of n = 386 genes reportedly underlying substance addiction [17]. The full names of these genes can

be obtained from the HUGO Gene Nomenclature Committee at http://www.genenames.org/).

ABCB1 CHRNA7 GCH1 LYST PLCL1
ABCC4 CXCcLi3 GLRA2 MAO A PRKCA
AR DAB1 GLRA3 MME PRKG1
ASIC2 DIsC1 GRIA1 NCAM1 RELN
BDNF DLG2 GRM5 NMU SLC12A6
CAMK2D DTNBP1 HCN1 OPRM1 SLC15A2
CD38 EDNRB KCNJ3 PCSK2 SPTLC1
CHRM2 ESR1 KCNK2 PLCB1 Sv2B
CHRNA3 GABBR2 LEPR PLCB4 SYN2
APP GABRB1 OPRM1 RB1 TMOD2
BDNF GRM5 PCSK2 RTN1

CHRNA7 MAPK10 PLCB1 SCHIP1

CTNND2 MEF2C PRKCA SYN2
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Table 2: Publicly available data sources and freeware computational tools used to identify and classi-

fy miRNA targeted pain genes and their biological functions.

Site name

AmiGO (search utility for GO)

" URL

http://amigo.geneontology.org/

Reference

50

Gene Ontology (GO)

http://www.geneontology.org/

20

Gene Trail

http://genetrail.bioinf.uni-sb.de/

25

HUGO Gene Nomenclature

Committee

http://www.genenames.org/

51

L1Base database

http://linel.bioapps.biozentrum.uni-
wuerzburg.de/L1lbase.php

14

Pain Genes Database

http://www.jbldesign.com/jmogil/enter.html

16

PubMed

http://www.ncbi.nlm.nih.gov/pubmed

R software (version 3.0.2)

http://CRAN.R-project.org/
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Table 3: Functional areas of representing the systems biology of pain based on its functional ge-
nomics with a maximum of certainty, information value, coverage and conciseness calculated as de-
scribed previously *°. Specifically, significant gene ontology (GO) terms were obtained by means of
over-representation analysis (ORA) of the 463 pain genes ** *®. The precise definition of the GO terms

can be obtained using AmiGO search tool for GO at http://amigo.geneontology.org/ *°. This resulted

in 377 significant GO terms, which exceeds human comprehension. Therefore, Functional Abstraction
was applied to find a set of headlines that is specific enough to cover all details of the functional ge-

nomics of pain and is abstract enough for human comprehension. The present version can be re-

garded as an updated version of the previously published functional systems genomics of pain **.

GO term ID Functional Area 2 %
(GO term of category biological process) gc,o %ci,
5 ©
9 2
3 @
5] c
G0:0007399 Nervous system development 21 52 5.4
G0:0007268 Synaptic transmission 8 53 26.2
G0:0007610 Behavior 8 52 24
G0:0040011 Locomotion 13 37 4.9
G0:0009987 Cellular process 263 317 4.3
G0:0006810 Transport 57 132 17.6
G0:0007165 Signal transduction 58 152 28
G0:0035295 Tube development 4 14 1.3
G0:0002376 Immune system process 26 59 5.1
G0:0046879 Hormone secretion 2 13 3.7
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Table 4: GO terms that are overrepresented in the set of pain genes and that also contain significant-
ly more LINE-1 carrying pain genes than expected from the hypergeometric distribution of the per-
centage of LINE-1 containing pain genes with respect to the number of pain genes annotated to a
particular term, at a chosen p-value limit of 5-10™.

GO term GO term of category biological process
[»)

=

»

o 4]
c [ =
) Q
-7 [T}
[T

‘e o
5 o
2 c
©

e @
- >
Q S
Q Q
o 7]
3 ]
i) O

G0:0035094 Response to nicotine 0 5 2 40 0
G0:0043279 Response to alkaloid 1 7 2 2857 | 0O
G0:0014070 Response to organic cyclic substance 1 7 2 2857 | 0O
G0:0006939 Smooth muscle contraction 1 11 3 27.27 | 0O
G0:0035095 Behavioral response to nicotine 0 4 1 25 0
G0:0007200 Activation of phospholipase C activity by G-protein | 1 14 3 2143 | 0
coupled receptor protein signaling pathway coupled
to IP3 second messenger

G0:0030595 Leukocyte chemotaxis 2 10 2 20 0
G0:0048015 Phosphoinositide-mediated signaling 2 16 3 1875 | 0
G0:0060326 Cell chemotaxis 2 11 2 18.18 | 0
G0:0050900 Leukocyte migration 2 11 2 18.18 | 0
G0:0090257 Regulation of muscle system process 2 12 2 16.67 | 6.1-10°
G0:0042417 Dopamine metabolic process 0 6 1 16.67 | 6.1-10°
G0:0006584 Catecholamine metabolic process 0 6 1 16.67 | 6.1-10°
G0:0009712 Catechol metabolic process 0 6 1 16.67 | 6.1-10°
G0:0034311 Diol metabolic process 0 6 1 16.67 | 6.1-10°
GO0:0048699 Generation of neurons 9 24 4 16.67 | 6.1-10°
G0:0018958 Phenol metabolic process 1 6 1 16.67 | 6.1-10°
G0:0051899 Membrane depolarization 1 6 1 16.67 | 6.1-10°
G0:0022008 Neurogenesis 9 24 4 16.67 6.110°
GO0:0050767 Regulation of neurogenesis 3 12 2 16.67 | 6.1-10°
G0:0048666 Neuron development 6 19 3 15.79 | 0.000582
G0:0007399 Nervous system development 21 52 8 15.38 0.000582
G0:0006813 Potassium ion transport 2 13 2 15.38 | 0.000582
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G0:0051641 | Cellular localization 2
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Table 5: Functional areas of representing the systems biology of addiction based on its functional
genomics with a maximum of certainty, information value, coverage and conciseness calculated as
described previously ?°. Specifically, significant gene ontology (GO) terms were obtained by means of

over-representation analysis (ORA) 386 substance addiction genes [17]. The precise definition of the

GO terms can be obtained using AmiGO search tool for GO at http://amigo.geneontology.org/ *°. This
resulted in 140 significant GO terms. To aid human comprehension Functional Abstraction was ap-
plied to find 10 headlines that are specific enough to cover all details of the functional genomics of

addiction.

GO term ID GO term of category biological

process

Percent LINE-1 genes in

=

7
] 4]
c c
) ()
-7 [-T4]

Y
‘e 5]

o
2 c

©
5 ]
=] >
U S
Q [}
o (7]
X ]
L (@]

No. of LINE-1 genes

Log p-value

[e)}
~
N
w
>
o
(0]
o
o
(93]
S
[EEN
N
[e)}

G0:0006810 | Transport 61 125 4 3.2 12

G0:0000902 | Cell morphogenesis 9 36 2 5.555556 8.1

G0:0008283 | Cell proliferation 25 73 4 5.479452 12.8

G0:0008219 | Cell death 27 86 2 2.325581 18.6

G0:0007399 | Nervous system development 25 85 2 2.352941 19.8

G0:0023052 | Signaling 76 188 8 4.255319 34.2

G0:0007610 | Behavior 11 67 5 7.462687 30.6

G0:0050896 | Response to stimulus 80 176 5 2.840909 24.3

G0:0050789 | Regulation of biological process 140 244 7 2.868852 23.4
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Figure 1: Schematic representation of the proposed mechanism showing how LINE-1 retrotransposi-
tion changes the processing of a biological situation. During gene transcription of a gene set, which is
the cell’s genetic response to a longer exposition to an extraordinary situation, an active copy of
LINE-1 is co-transcribed (see the red arrows in Figure 1). Subsequently transcribed and thus actually
exposed gene can be rendered nonfunctional by LINE-1 retrotransposition (red areas in next ge-
nome). Probabilities of LINE-1 of silencing genes are different for genes without LINE-1 since there
are about 10 times more such genes in a given set than LINE-1 genes, this is shown as the thickness
of the red down arrows. As retrotransposition needs time it is unlikely that LINE-1 retrotranspose
into its own carrier gene. Self-termination of the mechanism is achieved by allowing LINE-1 to also
occasionally jump into the coding region of itself (represented as yellow areas). This ultimately ter-
minates the mechanism, as can be seen in the rightmost genome in Figure 1. Over time, shown from
left to right, this leads to a self-specialization of the processes associated with the gene set form pro-

cessing the acute situation towards dealing with the chronified situation.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, >
Time, i.e., successive gene transcriptions
LINE-1:silencing of DNA LINE-1: silencing of DNA
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Figure 2: Changes and shifts in the number of active genes that result over time from the activity of
the self-limiting self-specialization mechanism of a cell’s genome as a biological role of jumping

1516 of which 45 carry putatively active

genes. The example shown contains pain genes (n = 463)
LINE-1). The mechanism involves competition of a gene set in which a subset of genes cooperating in
particular biological processes carries a piece of information, consisting of the LINE-1 sequence,
about the destruction of their functional competitor genes not involved in that process. During gene
transcription, an active copy of LINE-1 is co-transcribed. At a certain low probability, a subsequently
transcribed and thus actually exposed gene can be rendered nonfunctional by LINE-1 retrotransposi-
tion in a relevant gene part. As retrotransposition needs time it is unlikely that LINE-1 retrotranspose
into its own carrier gene. l.e., the original number of genes not carrying LINE-1 (left panel, green line)
decreases much more than the number of LINE-1 carrying genes (left, green line). This reshapes the
cells genome toward self-specializing toward those biological processes that are carried out with a
high number of LINE-1 containing genes. This is described as concentration score (middle panel, light
toward those that contain LINE-1

blue line) of genes

LINE1 G—-NonLINE1 G
Yinitial LINE1 G,NonLINE1 G

(ConcentrationScoreyyg1¢ = — ). Self-termination of the mechanism is

achieved by allowing LINE-1 to also occasionally jump into the coding region of itself, thus destroying
the information about competitor destruction by successively decreasing the number of LINE-1 until

the mechanism ceases (right panel, blue line).
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Figure 3: Computer simulation of the self-limiting self-specialization mechanism of a cell’s genome as
a biological role of jumping genes. The example shown contains pain genes (n = 463) *>*° of which 45
carry putatively active LINE-1. The front panel of the LabVIEW-implemented simulation displays on
the left side the numbers of genes, arbitrarily set probabilities and program control elements, and on
the right side the results consisting of the time courses of gene numbers and the derived score. Spe-
cifically, on the left side, the numbers of functional pain genes (0 orange), either containing LINE-1
or not (@ green), and the number of still functional LINE-1 elements (e blue) are displayed as con-
tainers with the numerical counts at the right (upper part, orange, green and blue, respectively).
Below are indicators (e) of the translation of genes along with counters of the total number of gene
translations and of currently active LINE-1 (e). At the lower part, control elements are available to
modify details (switch on/off) of the simulation process, i.e., whether LINE-1 DNA can be separately
hit without affecting the coding part of its carrier gene (@), whether or not when the coding gene
part is hit by LINE-1 then the LINE-1 content of the gene, if present, will also excluded from future
transcription (0), and whether a just translated gene can immediately translated again or first, an-
other gene is translated before the gene can be retranslated (@). Initial gene numbers and the cho-
sen set of probabilities of hits by LINE-1 are displayed at the lower left part (9). The right side dis-
plays the results of the computer simulation as xy-graphs with the abscissa scaled for million transla-
tions (@). From top to bottom are shown: (i) the time courses of the number of genes carrying ac-
tive LINE-1 (green) or not carrying LINE-1 (orange), (ii) the concentration score (light blue) of genes
toward those that contain LINE-1 and (iii) the number of available functional LINE-1 that when the

carrying gene is translated can still retrotranspose (blue).
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Figure 4: Technical details of the computer simulation of the self-limiting self-specialization mechanism of a cell’s genome as a biological role of jumping genes
(Figure 3). The figure shows a snapshot of a relevant part of the so-called block diagram of the LabVIEW based computer simulation, displaying the global
mechanism to let the program run in loops (frame structure surrounding the whole code) symbolizing gene translations and the implementation of the selec-
tion of either a LINE-1 carrying or a non-LINE-1 carrying gene for “transcription”. The programming is done by “wiring” pre-built elements provided by Lab-
VIEW® resembling an electric circuit diagram as exemplified with the program code of the implementation of selection of either a non-LINE-1 or a LINE-1 carry-
ing gene for “transcription”. Specifically, the mechanism’s loop runs as long as (0) (i) LINE-1 carrying genes including functional retrotransposons are available
and (logical operator) a “Stop” button has not been pressed on the program’s front panel (Figure 3). The inner frame is one of a succession and shows the
mechanism if the condition is true that a just translated gene cannot be immediately translated again (Q), which reduces either the number of LINE-1 carrying
genes or the number of not LINE-1 carrying genes (decision depending on the last translated gene e) by one (arithmetic operator @). Which subgroup gene
is translated is random (random number generator e) and the probability is equal, i.e., depends on the ratio of the number of genes per subgroup. The exam-
ple code shows a translation of a non-LINE-1 carrying gene because the random number was larger than the probability of translation of LINE-1 genes (G), i.e.,
the conditional structure (o) was directed to perform the “false” condition and increased the number of translated non-LINE-1 genes by one (@). The pro-
gram is available as a download in the Supplementary materials of this paper.
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Figure 5: Graphical representation of the significant Gene Ontology (GO) terms of GO category “bio-
logical process” (red). Non-significant GO terms are shown in uncolored circles. The polyhierarchy of
GO terms assigned to those pain genes that are annotated with the functional area % of “nervous
system development” is shown. Terms containing significantly (at p < 0.05) more than expected LINE-
1 carrying genes are shown as yellow colored circles. The vertical succession reflects the detailization

of the terms in the GO polyhierarchy.
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Proposed mechanism showing how LINE-1 retrotransposition changes the processing of a biological
situation. Probabilities of LINE-1 of silencing genes are different for genes without LINE-1 since there
are about 10 times more such genes in a given set than LINE1 genes. Over time, shown from left to
right, this leads to a self-specialization of the processes associated with the gene set form processing

the acute situation towards dealing with the chronified situation.
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