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Abstract

Cells within an organism are in constant crosstalk with their surrounding environment. Short

and long-range signals influence cellular behavior associated with division, differentiation, and
death. This crosstalk among cells underlies tissue renewal to guarantee faithful replacement of
old or damaged cells over many years. Renewing tissues also offer recurrent opportunities for
DNA damage and cellular transformation that tend to occur with aging. Most cells with extensive
DNA damage have limited options such as halting cell cycle to repair DNA, undergo senescence,
or programmed cell death. However, in some cases cells carrying toxic forms of DNA damage
survive and proliferate. The underlying factors driving survival and proliferation of cells with
DNA damage remain unknown. Here we discuss potential roles the nervous system may play

in influencing the fate of cells with DNA damage. We present a brief survey highlighting the
implications the nervous system has in regeneration, regulation of stem cells, modulation of

the immune system, and its contribution to cancer progression. Finally, we propose the use of
planarian flatworms as a convenient model organism to molecularly dissect the influence of neural
signals over cellular fate regulation in the presence of DNA damage.
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1. Introduction

One of the most detrimental types of DNA damage are double stranded breaks (DSBSs)
[1-3]. The presence of DSBs could be lethal; thus, a timely DNA damage response (DDR)
is activated to determine the fate of the cell. The cells carrying DSBs have limited options
to choose between temporarily halting the cell cycle and repairing DSBs, transitioning
into senescence a state in which cells are metabolically active but no longer participate in
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proliferation, or undergo programmed cell death [4-6]. Under some circumstances, cells
with DSBs evade the canonical fates and proliferate, which may contribute to cancer
development (Figure 1). While the molecular players mediating the canonical fates of cells
with DNA damage have been extensively studied, the underlying mechanisms mediating
survival and growth of cells harboring toxic DSBs remain largely unknown.

The survival and proliferation of cells with DSBs is rare and challenging to anticipate.
Nonetheless, tissues with high cellular turnover along with aging are predisposing conditions
to dividing cells with DSBs and cancer [[7]-[8]]. Indeed, DNA damage is among the
earliest manifestations of cellular transformation and is a pervasive feature of human
cancers [[9]-[10]]. The renewal of tissues relies on a delicate coordination of cellular events
including division, migration, differentiation, and death that are mediated by short-and-long
range signals within the body [[11]-[12]]. The continuous crosstalk among cells along

with the environmental cues from other tissues may have overriding capacities to alter

the fate of cells [[11]-[13]]. The nervous system, for example, facilitates the effective
communication and coordination of cellular behavior that is needed to maintain body
homeostasis [[14]-[15]]. We emphasize a variety of regulatory roles the nervous system
exerts over cells and organs in the adult body in health and disease.

Recently developed experimental model systems facilitate /n sitv analysis of tissue renewal
in the presence of cells carrying DSBs [[16]-[17]]. These studies are based on planarian
flatworms subjected to genetic manipulations leading to the survival and proliferation of
cells with DSBs under high demands for cellular turnover. Uniquely, the planarian system
facilitates studies of cellular turnover across the whole adult animal, which includes the
influence of intercellular communications and their possible role in altering the fate of cells
with DSBs. Recent evidence obtained from experimentation with different animals supports
the idea that short-and-long signals from the nervous system regulate the behavior of stem
cells, the immune system, and even the fate of regenerating tissues [[11],[18]-[19]]. Based
on these findings, we propose the use of planarians as model system to molecularly dissect
the contribution of neural signals in the proliferation of cells with DSBs.

2. The cellular response to the presence of DNA double stranded breaks

DNA double stranded breaks (DSBs) are lesions that can have grave consequences to
genomic integrity if not repaired. The pathways involved in DSBs repair have been reviewed
elsewhere [20]. Here we briefly highlight some of these pathways involving alternative end
joining, single strand annealing, homologous recombination and nonhomologous end joining
[[21, 22]].

A remarkable difference between nonhomologous end joining and alternative end joining is
that nonhomologous end joining is Ku dependent, alternative end joining relies on PARP-1
activation for recruiting alternative end joining factors [[23]-[24] [25][26]]. Alternative end
joining is constantly competing with nonhomologous recombination through Parp-1 and
Ku, but studies have found that irradiated cells prefer Ku [23, 25]. Alternative end joining
contributes to DNA repair when nonhomologous end joining shows limited functionality
[[23, 27]]. Homologous recombination is usually triggered during the S and G2/M phases
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and requires a homologous DNA sequence as a template, which results in more accurate
repair than its counterpart [2-3, 28-29]. Nonhomologous end joining occurs during the
GO0/G1 and G2/M phases [30]. Unlike homologous recombination, nonhomologous end
joining is known to contribute to insertions and deletions at the sites in which the damage
has occurred [28]. Nonhomologous end joining is rapid, does not require a template, and is
error prone [31-32]. Recent studies have demonstrated these repair pathways appear highly
conserved in the planarian flatworms, which is an emerging model organism amenable to
studies of stem cells, tissue regeneration, cancer, and the DNA damage response [16-17, 18,
20-21].

3. Neural regulation influences the cellular responses in health and

disease

The nervous system exerts regulatory roles over organs and tissues. This notion has been
expanded to include neural modulation over the immune system, tissue regeneration,

and diseases such as cancer [33—-34]. Furthermore, recent evidence demonstrates resident
microorganisms can establish “direct conversations” with the nervous system of the host,
and these exchanges are critical for behavioral conditions such as autism [13]. Thus, the
nervous system is a natural regulator and coordinator of cellular functions to maintain
body homeostasis, prevent infections, while facilitating crosstalk across tissues. In some
circumstances, the nervous system could impose overriding signals favoring proliferation
of abnormal cells [17-16]. Below, we briefly mention few examples associating neural
regulation in health and disease with the intention of providing grounds for the integration
of the nervous system as a possible modulator of the DNA damage response [35]. For
example, melatonin a molecule secreted by the pineal gland functions as a reactive oxygen
species scavenger and reduces free radicals by activating antioxidant enzymes, inhibiting
prooxidative enzymes through epigenetics. [36—38]. We also suggest potential scenarios
whereby neural inputs could lead to the survival and proliferation of cells with DSBs (Figure
1).

3.1 Neural signaling regulates cell behavior

Neural signaling can regulate the behavior of cells through a long-range communication

in which signals from the brain influence cellular division, migration, and differentiation

in distant parts of the body. There are diverse mechanisms for such neural regulation and
one of the best known is the role the sympathetic nervous system plays over hematopoietic
stem cells [39-40]. Sympathetic nerves are closely associated with hematopoietic stem and
progenitor cells through the neuro-reticular complex that serves as a hub for exchange

of information through gap junctions [40-41]. Neurotrophic and neuropeptides factors are
released by the sympathetic nerve fibers to regulate hematopoietic stem cell proliferation
both positively and negatively [34,42—43]. For example, the neuropeptide substance P
mediates proliferation of hematopoietic progenitors, while neurokinin A binding to NK-2
receptors has inhibitory effects on proliferation of granulocytic-monocytic progenitors [34].
Neural regulation of hematopoietic stem cells is also associated with circadian regulation of
hypocretin (orexin), which is a neuropeptide hormone produced in the hypothalamus during
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sleep [11]. Fragmented sleep leads to insufficient production of hypocretin and increase in
myelopoiesis by enhanced CSF1 production [11].

In addition, non-myelinating Schwann cells are capable of maintaining hematopoietic stem
cells in quiescence by activating TGF-beta and SMAD signaling [44]. Treatment with
pharmacological compounds targeting neural receptors provides an opportunity to modulate
stem cell function. For example, treatment with agonists and antagonists (e.g., BRL37344
and SR59230A, respectively) compounds of adrenoreceptors (B3) can increase or decrease
transcriptional activity for the chemokine CXCL12 -a critical factor influencing migration
of hematopoietic progenitors, stem cells, leukocytes, and endothelial cells [40,45]. The
sympathetic nervous system could also regulate bone turnover through leptin, which serves
as an anti-osteogenic factor by activation of 2 adrenergic receptors[46—47].

Recent results demonstrate the nervous system also processes inputs from resident bacteria,
and these interactions influence behavioral conditions such as autism. Autism spectrum
disorder is a neurodevelopmental disorder that is influenced by genetic and environmental
factors [13]. Recent evidence suggests microbes residing in the digestive system, specifically
L. reuteri, could change antisocial behaviors in autism spectrum disorder mice models

[13]. This intriguing finding establishes a bidirectional gut-microbiota-brain axis capable

of affecting organismal function by way of the vagus nerve and acting on the release of
oxytocin [13]. Altogether, these few examples illustrate a diverse repertoire of mechanisms
by which neural inputs can influence fate decisions in specific stem cell populations and
organismal behavior. Nonetheless, the hierarchical regulation of neural signals over cell fate
is unknown.

Perhaps one of the most remarkable examples of neural regulation in cell fate comes from
studies of tissue regeneration. Urodele amphibians (e.g., newts and salamanders) are well
known for their capacity to regenerate appendages such as limbs. Nerve dependence in
regeneration has been extensively studied but the molecular basis underlying this process
remain largely unknown [18, 48-51]. It is well known that neural input stimulates limb
regeneration (e.g., neuregulin, nAG, BMP2, FGFs), and additional evidence implicate
signals from the immune system and cells surrounding the injury may also contribute

to tissue repair [18,50-53]. Thus, neural signals are likely integrated with other cues to
coordinate limb regeneration. A compelling demonstration about neural modulation of
tissue fate was obtained in experiments analyzing regeneration in planarians [54]. The
authors of the study show that the nervous system together with three gap junction
proteins determine the fate of regenerated tissue in planarians. Furthermore, the findings
demonstrate neural cues override the pre-existing axial polarity in the animal, which is
shown by the regeneration of ectopic heads including functional brains every time planarians
are amputated [54]. These findings suggest long-range neural cues provide overriding
instructions to stem cells capable of altering the axial polarity of the whole organism. This
long-range gap junctional signaling also facilitate overriding cues leading to tumorigenesis
in Xenopus, arguing for an evolutionarily conserved signaling mechanism [55].
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3.2 Neural signaling regulates the immune system and cancer:

The nervous and immune systems crosstalk includes neural, hormonal, and paracrine
signaling. Studies have found that cholinergic fibers are in close contact with immune cells
within the gut-associated lymphoid tissue [56]. These cholinergic fibers suppress production
of TNF and that these immune cells contain the a7 muscarinic receptor [57-58]. Signaling
of the nervous system to the immune system is also done through neurotransmitters like the
catecholamines [59]. Both innate and adaptive immune cells contain adrenergic receptors
that can enhance or limit the production of inflammatory cytokines [60-62]. Thus, the
immune and nervous systems are in a constant crosstalk to facilitate systemic responses and
effective ways to combat infections through neuroimmunomodulation (Figure 2A).

Growing evidence indicate that a variety of cancer cells display nerve dependence
[18,33,63-64]. Denervation experiments suggest some cancers rely in neural inputs to
engage tumorigenesis and metastasize. Given that DNA damage is a pervasive feature of
most cancers, we posit that neural regulation may influence the response to DNA damage
and/or the fate of transformed cells. Some cancer cells express neurotrophic growth factors
and receptors, which influence their survival and growth. Cancer cells are capable of
secreting axon guidance molecules such as netrins, ephrin, and slit-robo [65-66]. Netrins
facilitate the activation of a variety of pathways such as YAP signaling pathway, PI3K/
AKT, ERK/MAPK that enhance cell division. In gastric cancer nerves that reach the site

in which tumors form begin to stimulate the enteric nervous system. Stimulation of the
enteric nervous system begin the release of a variety of neurotransmitters that aid in various
functions [67].

Neurotransmitters are essential components for neural communication, and they can
contribute to tumorigenesis. Catecholamines, for example, have been shown to promote
tumor growth by activating EGFR signaling, invasion by activating 2 adrenergic receptor-
snail signaling, and angiogenesis through secretion of Ephrin [68-69]. Cancer cells are
capable of synthesizing and releasing acetylcholine to promote cell proliferation [67,70-71].
Acetylcholine promotes cell proliferation by activating the EGFR-AKT signaling pathway
[72]. Acetylcholine is also capable of inducing Lgr5* stem cells in the gastric tract to
proliferate [67,71]. These stem cells contain an abundance of muscarinic acetylcholine
receptor 3 making them sensitive to acetylcholine secretion [67,71]. The inhibitory
neurotransmitter GABA is able to promote proliferation of carcinoma cells through a
paracrine and autocrine fashion [73]. Cholinergic and GABAergic neurons have shown to
promote cell growth in cancer cells, and Serotonergic neurons remain to be further studied
[71-73]. The mechanistic details about these neural influences over cancer behavior is still
under investigation. This brings the possibility of neural inputs as critical regulators of cell
behavior with the potential to override cell fate in the presence of DNA damage (Figure 2B).

3.3 Neural signaling as potential regulator of cell fate in the presence of DNA damage

Under stressful circumstances the nervous system releases catecholamines such as

dopamine, epinephrine (adrenaline), and norepinephrine (noradrenaline). It is believed
that continuous stress leads to accumulation of DNA damage, degenerative conditions
and cancer. Recent evidence suggest the increase in DNA damage under chronic stress
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is mediated by beta-adrenergic catecholamines that suppress DNA damage repair and
p53-induced apoptosis [74-75]. A pathway that may play a role in this function is the -
arrestin-induced activation of AKT signaling [75-76]. This pathway stimulates E3 ubiquitin
ligase murine double minute-2 to degrade the p53 protein which in turn inhibits the normal
function of p53 chromosomal damage [75]. Studies in which the p-adrenergic receptor is
blocked by pharmacological compounds propranolol can effectively up regulate p53 and
induce apoptosis [77]. This raises the intriguing possibility about the nervous system serving
as mediator in the survival of cells with DNA instability.

The notion that neural signals contribute to the survival of cells with DNA damage, in
particular those with DSBs was reinforced by recent studies using planarian flatworms
[16-17]. Genetic disturbance with RNA-interference of Rad51 (essential for DSB repair
through homologous recombination) and Ubc9 (critical for SUMOylation signaling) lead to
systemic increases in DSB across the planarian body [78-79]. Rad51 involvement in DNA
repair binds onto the single strands and is involved in the search for the homologous strand
thus initiating HR. Intriguingly, there is a differential response along the anteroposterior
axis, whereby cells with DSBs survive in the anterior region while there is massive cell
death in the posterior part of the planarian (Figure 3A). The survival and proliferation

of cells with DSBs in the anterior region of animals subjected to RNAI of Rad51 and

Ubc9 provide unique opportunities to dissect the underlying mechanisms. Gene expression
analysis suggest that £6 more than p53play a central role in the survival of cells carrying
DSBs [78]. Another line of evidence suggests that neural signals from the planarian brain
promote the proliferation of cells with DSBs. Disturbance with RNAI of the Wnt signaling
pathway (i.e., 8-cateninand APC) leads to fully anteriorized or posteriorized planarians
(i.e., bipolar heads or bipolar tails) [80-81]. Experiments with fully anteriorized and
posteriorized planarians are useful to address topographical contribution and dysfunctional
Rad51. Double-RNAi with Rad51 in bipolar heads display more cells dividing than in the
bipolar tails (Figure 3B) [16]. However, forcing ectopic brain tissue through genetic means
into bipolar tail organisms led to a change in cellular fate characterized by cell division
with DSBs but only in the surrounding brain tissue (Figure 3B). The results imply neural
inputs may alter the fate of cells that were initialed signaled to die into entering cell cycle
carrying DSBs in the vicinity of the brain. The results also suggest that a particular type

of stem cell is likely involved in these events, but additional experimentation is needed to
characterize the cell type and the neural source promoting proliferation of cells with DSBs
[16]. The molecular mechanism behind the possible neural regulation of cell with DBS

are still unknown, but the results in planarians are consistent with regional differences in
the proliferation of normal and neoplastic cells in the anterior region of mice (i.e., head
and thoracic cavity), suggesting a possible evolutionary conservation [82-83]. We propose
regional differences in the proliferation of cells is facilitated by neural signals originated in
the brain and that these neural cues have the capacity to override decisions to proliferate in a
particular subset of cells. Additional studies in the planarian model could assist in dissecting
the molecular mechanism underlying this process.
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4. Planarian is a convenient model organism to study neural influence in

DNA damage and repair

The planarian flatworm is an emerging model organism well known for their regenerative
capacity and accessible pool of somatic stem cells called neoblasts. These organisms are
easy to culture in the laboratory and have a complex body plan including diverse tissues
and systems (e.g., muscle, digestive, nervous, etc,) [84—85]. The planarian nervous system
includes extensive conservation of neurotransmitters found in humans [84-86]. The neoblast
is the only cell with capacity to divide in planarians and is responsible for maintaining all
differentiated tissues and the repair during injury. DNA repair mechanisms in planarians are
evolutionarily conserved to the point that antibodies against human proteins (e.g., RAD51)
can be used in planarians. As mentioned above, there is extreme plasticity of the planarian
body plan that can be used to understand regional influence over cell fate. Planarians

also display evolutionary conservation of tumor suppressor genes and develop cancer-like
phenotypes, which facilitate /7 situ studies about the role of DNA damage and repair at
early stages of cellular transformation. Thus, further studies in planarians would be able

to provide insights about the molecular crosstalk among tissues and the influence nervous
tissue may have over cellular fate decisions in the presence of DNA damage.
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Perspective and Significance.

The DNA damage response leads to timely decisions that are generally assumed at

the cellular level. Nonetheless, the influence of the continuous tissue crosstalk and
appropriate decisions for cell fate, suggest that there is a need for broadening the context
in which decisions to DNA damage are studied. As we learn more about the extended
role and processing of information by the nervous system, it is plausible to also broaden
the perspective of studies in the DNA damage response to include a more holistic
approach. This is even more relevant when the DNA damage response is evaluated

in situ as cells undergo renewal in the presence of input from distant tissues and the
physiological demands of the adult body. The integration of additional expertise, fields
of research, and model organisms will likely uncover new areas associated with the DNA
damage response relevant to basic biology and clinical intervention.
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Figure 1: Céllular fatein the presence of DNA Double Stranded Break.
Schematic representation summarizing the different options cells with DNA double stranded

breaks (DSBs) may take. The conventional paths (grey boxes) consist of cell cycle arrest
with repair of DNA, senescence, and apoptosis. An alternative fourth path (red box)

is characterized by cellular survival with DSBs and eventually division with DSBs. We
propose neural signals may contribute to the survival and proliferation of cells with DSBs.
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Figure 2: A crosstalk between the body systems and cancer.
[llustration summarizing a hypothetical influence of neural signals over the immune system

and cancer cells. (A) Neural signals are capable of suppressing TNF production. Depending
on the adrenergic receptors that innate and adaptive immune cells contain neural signals

can either limit or enhance the production of inflammatory cytokines. (B) Neural signals
are capable of influencing cancer by promoting growth of cells through activation of EGFR-
AKT pathway. A variety of neural cell types can influence invasion and angiogenesis.
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Figure 3: Neural signals promote the survival and proliferation of cellswith DSBs.
[llustration summarizing the study in which genetic disruption of rad51 leads to a decrease

in neoblast proliferation. (A) Represents a control animal with normal dividing cells (red
dots). Genetic disruption of Rad’51 leads to a systemic increase in cells with DSBs and cell
death in the posterior region (not shown). The reduction in Rad51 function is accompanied
by decrease of dividing cells that are mostly concentrated in the anterior region of the
animal. Importantly, all dividing cells have high levels of DSBs. (B) Genetic disruption of 8-
catenin leads to bipolar headed animals (i.e., one head in each end and no posterior region).
Genetic disruption of goc leads to bipolar tailed animals (i.e., organisms with only posterior
regions and no heads). Disruption of rad51 was done on both bipolar headed animals and
bipolar tailed animals. Comparison of dividing cells showed that bipolar headed animals
had more cells dividing with DSBs than in the double tailed animal. Ectopic brain tissue
was induced by disrupting the gene nou-darake (ndk) (Cebria et al., 2002) in double tailed
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animals subjected to Rad51(RNAI). Interestingly, the presence of brain tissue in a double
tailed animal led to an increase in cell division with DSBs and most of the proliferative cells
were located surrounding the brain. For more information see Peiris et al., 2016.
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