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a b s t r a c t
Alzheimer’s disease is a debilitating age-related disorder characterized by distinct pathological hallmarks,
such as progressive memory loss and cognitive impairment. During the last few years, several cellular signaling pathways have been associated with the pathogenesis of Alzheimer’s disease, such as Notch, mTOR
and Wnt. However, the potential factors that modulate these pathways and novel molecular mechanisms
that might account for the pathogenesis of Alzheimer’s disease or for therapy against this disease are still
matters of intense research. Teneurins are members of a unique protein system that has recently been proposed as a novel and highly conserved regulatory signaling system in the vertebrate brain, so far related
with neurite outgrowth and neuronal matching. The similitude in structure and function of teneurins with
other cellular signaling pathways, suggests that they may play a critical role in Alzheimer’s disease, either
through the modulation of transcription factors due to the nuclear translocation of the teneurins intracellular domain, or through the activity of the corticotrophin releasing factor (CRF)-like peptide sequence,
called teneurin C-terminal associated peptide. Moreover, the presence of Ca2+-binding motifs within teneurins structure and the Zic2-mediated Wnt/b-catenin signaling modulation, allows hypothesize a potential crosslink between teneurins and the Wnt signaling pathway, particularly. Herein, we aim to highlight
the main characteristics of teneurins and propose, based on current knowledge of this family of proteins,
an interesting review of their potential involvement in Alzheimer’s disease.
! 2015 Published by Elsevier Ltd.

Introduction
With the increased aging of the human population, age-related
diseases, such as Alzheimer’s (AD) and Parkinson’s disease, are
believed to become a critical subject for world health [1,2]. Neuronal network failure, as a result of several molecular alterations
within neurons that take place during the neurodegenerative process [3–5], have become of primary concern regarding neurodegenerative disorders [6,7]. Since the work of Eriksson et al. [8]
regarding human adult neurogenesis, several studies have been
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devoted to exploring the feasibility of this process as part of therapeutical approaches against a variety of pathologies affecting the
central nervous system (CNS). Moreover, it has become evident
that knowledge associated with neuronal development, including
neuronal network functionality and neuronal recovery, are dependent on our understanding of the cellular signaling pathways that
might be involved in a whole range of neuronal responses to physiological or pathological conditions [9]. In the present work, we
will present the main aspects of teneurins, a novel family of transmembrane proteins, and their close relationship, so far identified,
with critical aspects of neuronal development and synapse
establishment. Furthermore, at the end of the manuscript, we will
discuss the emerging similarities and potential crosslinks between
teneurins functions and some critical cellular signaling pathways,
particularly Wnt. We believe that the information herein presented
is suggestive of the potential involvement of teneurins in AD, setting a starting point to approach this new family of proteins in
order to elucidate its potential therapeutic value in neurodegeneration and AD in particular.

http://dx.doi.org/10.1016/j.mehy.2015.01.026
0306-9877/! 2015 Published by Elsevier Ltd.
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Hypothesis
Role of cell adhesion molecules (CAMs) in the CNS
The ability to establish functional synapses between cells is
determined by the presence of proteolytic complexes in both the
pre- and post-synaptic membranes. These components define the
complexity of the neuronal network, and evolve during embryonic
development to sustain cognitive functions during adulthood [10].
Importantly, synaptic transmission is dependent on the formation
of asymmetric intercellular junctions with three clearly differentiable compartments: the pre-synaptic membrane, synaptic cleft,
and post-synaptic membrane [11,12]. The synaptic cleft is not an
empty space, but rather it is populated with synaptic material constituted in part by synaptic cell adhesion molecules (CAMs) [13].
Neurexins, neuroligins, N-cadherin, synaptic cell adhesion molecule-1 (SynCAM-1), and the ephrinB-receptor system are some of
the main representatives of this family of proteins [14] (Fig. 1).
Interestingly, the importance of CAMs in the CNS has increased
enormously during the last decade. Indeed, several authors have
described that the interaction of structural proteins, such as CAMs,

and intracellular proteins play a fundamental role not only in synapse establishment and maintenance, but also in synaptic plasticity, a critical process that links synaptic proteome variations with
physiological alterations, such as cognitive impairment [15–17].
In this regard, of most relevance are several studies that have demonstrated the interplay between different families of proteins and
their processing at the synaptic terminals with the expression of
glutamate and AMPA receptors, evidencing the critical balance of
protein processing to ensure synaptic functionality [16,18–21].
More recently it has been reported that CAMs might act as
important regulators of transcription, providing additional support
to the increased relevance of these kinds of proteins in the CNS. For
instance, PS1 (presenilin 1)/c-secretase can cleave both full-length
E-cadherin and a transmembrane C-terminal fragment, which acts
as a key regulator of the Wnt signaling pathway [22]. In the same
way, it has been demonstrated that under pathological conditions
these proteins could also be affected, altering their functionality.
Indeed, N-cadherin is down-regulated by amyloid-b peptide (Ab),
one of the most relevant neurotoxic elements in AD, making synapses more susceptible to disease-related toxicity, and increasing
Ab production via interaction with the PS1 complex [23]. Furthermore, it has been reported that the Neuroligin–Neurexin interaction, fundamental for synapse stability, is also a target of Ab,
resulting in alteration of the pre- and post-synaptic structures
[24]. On the other hand, the expression of integrin proteins has
been reported to be increased in neurons surrounding plaques
and tangles, suggesting a critical role in Ab neurotoxicity in AD
[25]. Recently, teneurins have been described as relevant synaptic
adhesion molecules with a critical role in neuronal matching and
synapse organization [26–28]. Moreover, the interactions that have
been evidenced between teneurins and other cell adhesion molecules allows hypothesize that teneurins might play an interesting
role as modulators of synapse formation and function [29–31].
Teneurins as regulators of neurogenesis

Fig. 1. Synaptic cell adhesion molecules (CAMs). Synapses are complex structures
that require the expression of several proteins to function properly. Among these
proteins, some specific cell adhesion molecules play a relevant role for the
establishment and maintenance of synapses. Furthermore, it has been demonstrated that the proteolytic cleavage of some of these proteins might act as
secondary messengers within cells, inducing the modulation of several cellular
processes. Teneurins have emerged as a new critically important class of proteins
capable of conducting neuronal matching during CNS development. Based on
current knowledge, the function of this family of proteins remains to be addressed.

Teneurins are a family of transmembrane glycoproteins,
described originally in Drosophila [32,33]. They were discovered
independently in the 90’s by two laboratories, and until today, four
members have been described, namely Ten-m1 to Ten-m4. Teneurins are high molecular weight proteins with their C-terminals oriented to the extracellular media [34]. Although teneurins are
transmembrane proteins, they exhibit an elevated number of functional domains, particularly at the extracellular domain, some of
them being exclusive for this family of proteins [33]. Teneurins
have been shown to be highly expressed in the CNS of several
organisms, including mice, rats and humans [35,36]. They have
been implicated in several biological processes, such as gene transcriptional regulation, neurite outgrowth, axon fasciculation and
cell adhesion [32,33,37–39]. Indeed, recent studies have demonstrated that Ten-m1 and m2 are mainly expressed in the CNS
(Table 1), and their expression levels are dependent on the stage
of CNS development and brain region, e.g. Ten-m2 is localized
mainly in the hippocampus, while Ten-m1 is present in the olfactory bulb, with a significantly lower expression in the hippocampus. Moreover, and as mentioned previously, Hong et al. [26]
recently demonstrated that teneurins are involved in the olfactory
synaptic partner matching during brain development, while Mosca
et al. [27] further showed that teneurins were involved in neuromuscular synapse organization. Both studies suggest that the differential expression pattern of this protein family accounts for
the specificity required for the organization and restructuring of
complex neuronal networks. Indeed, the several active domains
present in the extracellular fraction of this family of proteins, such
as the epidermal growth factor (EGF)-, NHL-, and YD (tyrosine,
aspartate)-domains, and the interactions between them, has been
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Table 1
Localization and function of Teneurins in the CNS.
Name

Localization

Function

References

Ten-m1

Visual system and tectofugal pathway, olfactory bulb mitral cells,
subpopulations in the hippocampus and piriform cortex, retinal
ganglion cells, inner nuclear layer adjacent to the inner plexiform
Layer I and in large neurons found within the rotund nucleus, and
the neurons of the stratum griseum centre of the optic cellularis
and throughout the cerebellum

The predominant neuronal expression suggests a major function in
brain development and as a cell signaling transducer

[37]

Ten-m2

In different neuronal groups, in the hippocampus (dentate gyrus)
and piriformis posterior medial cortex in chicken, granular layer,
Purkinje cells, and the molecular layer of the cerebellum

Induces gene inhibition; Mediates axon guidance and heterophilic
cell–cell adhesion

[37,40,41]

Ten-m3

In interconnected regions of the visual pathway: retina, dLGN and
visual cortex both in soma and in neuronal axons expression going
from high to low from the ventral to dorsal retina

Involved in maintenance of neural development, axonal guidance
and homophilic cell adhesión. Plays important roles in the visual
pathway by regulating the formation in ipsilateral retinal mapping
to both the dorsal lateral geniculate nucleus (dLGN) and the
superior colliculus (SC)

[42]

Ten-m4

Nervous systems, visual system, adipose tissue, spinal cord and
mesenchymal tissues (cartilage)

Involved in maintenance of neural development, and as a cell
signaling transducer

[36,37]

described as critical for the guidance, recognition and stabilization
of the cell–cell adhesion [28]. On the other hand, the anchorage of
teneurins to the actin-based cytoskeleton through the polyproline
domain (teneurin intracellular fraction)-CAP/ponsin binding, will
explain in part the alterations in the structure, organization and
physiology of the synapses when teneurins are poorly expressed
or depleted [27].
Interestingly, it has been proposed that teneurin-teneurin interaction and the selective cleavage of teneurins, with the release of
the extra- and intracellular domains, might induce teneurin-mediated transcriptional regulation [36]. When cleaved, the intracellular domain can translocate to the nucleus, suggesting teneurins
activity as transcription factors through interaction with the
Methyl-CpG Binding Domain Protein 1 (MBD-1) and the transcription factor Zic [29,35,36]. In the same way, several studies have
suggested that the proteolytic cleavage of the teneurins extracellular C-terminal domain will release a bioactive Teneurins
C-terminal associated peptide (TCAP), which is able to induce a
receptor-mediated cell response. Interestingly, exon 31 of ten-1,
which encodes for TCAP1, is highly expressed in limbic regions,
including major cell groups of the hippocampus and dentate gyrus
[30,34,43]. Several studies have shown that TCAP1 exerts a wide
range of neuronal effects, including: increased activity of the
endogenous antioxidant enzymes, superoxide dismutase (SOD)
and catalase (CAT) activity [43]; regulation of BDNF [38]; modulation of cAMP; accumulation and attenuation of CRF-induced c-Fos
immunoreactivity in the hippocampus and amygdala [30,44]; promotion of neurite growth by direct modulation of cytoskeletal protein synthesis [32,45]; and modulation of dendritic spine density in
hippocampal neurons [30]. Although these functional roles are
poorly understood, Wang et al. [34] showed that these unique proteins possess a wide range of functional domains that are likely to
interact with several elements of the extracellular matrix on the
cell surface, or with calcium and SH3-mediated signaling mechanisms on the intracellular component. In this regard, recent work
by Südhof and coworkers [31] suggests that the interaction of teneurins with other CAMs, or CAM-related fragments, is able to affect
teneurins binding capacity, affecting the stability of the synapses.
Importantly, factors that can induce the cleavage between both
domains (extra and intracellular) are largely unknown. However,
the mechanism responsible for the release of the intracellular
domain has been proposed to be similar to several known transmembrane signaling molecules, such as Notch-1 and APP [40].
Indeed, it is likely that the Teneurins/TCAP system may represent
a novel and a highly conserved regulatory signaling system in
the vertebrate brain.

Although the mechanisms that participate in teneurins expression regulation are mainly unknown, it has been proposed that,
considering its role during embryo development, the family of
homeobox transcription factors (Hox genes) may be at the basis
of the regulation of teneurins expression [46]. The HoxD and
EMX2 genes are the most representative genes of the homeobox
cluster that have been associated with teneurins expression. HoxD
and EMX2 knock-out mice have demonstrated reduced levels of
different teneurins family members, with the concomitant malformation or alteration of specific organs [47–49]. In the same way, a
link between some members of the fibroblast growth factor family
(FGF) and teneurins have also been demonstrated, particularly the
relationship between FGF8 and Ten-m2 [50].
Involvement of teneurins in AD-related signaling pathways
The structure of teneurins is currently under investigation, but
parts of its functional domains have already been characterized.
Importantly, the interplay between the members of this family
and several cellular processes are still a matter of intense research
[28,40]. Moreover, the effects derived from teneurins and/or from
the nuclear translocation-dependent activity of the teneurins
intracellular domain on different cellular signaling pathways are
poorly understood, but might be of considerable interest, particularly in pathologies which may benefit from teneurins activities,
such as neurodegenerative disorders, such as AD (Fig. 2).
AD, which ranges from a mild cognitive impairment to severe
memory and cognitive impairment [51], is mainly characterized
by the formation of neurofibrillary tangles (NFTs), constituted by
the hyperphosphorylated microtubule-associated protein tau
[52,53], and senile plaques, a complex extracellular structure
defined by the accumulation of a 4 kD protein with a b-pleated
sheet configuration known as amyloid-b peptide (Ab) [54,55].
These pathological changes induce critical alterations of specific
brain areas, including the temporal and parietal cortex, the hippocampus and the amygdala, and the frontotemporal association cortex [56,57]; and the major symptoms of AD (memory loss and
cognitive impairment) perfectly reflects the damage to the complex neuronal network of these areas [56,58]. The hippocampus
is the most critically brain areas involved in memory and cognition
[59]. Considering that teneurins are capable to induce cytoskeleton
reorganization through presynaptic or postsynaptic modifications
on microtubule-binding protein (Futsch) and/or a-spectrin [27],
there is possible to suggest that teneurins might be involved with
the cytoskeleton alteration observed in some neurodegenerative
disorders, such as AD.
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Fig. 2. Teneurins: cellular localization and hypothetical cleavage-induced signaling. Teneurins have been described as a well-conserved transmembrane protein family. One
of the remarkable aspects of teneurins is that their terminal-COOH is oriented to the extracellular region of the cell, contrary to the vast majority of transmembrane proteins.
Although several domains have been identified within these proteins, such as epidermal growth factor-(EGF), Ca2+- and poly-prolines (Pn)-binding domains, their function
remains largely unknown. It is possible that some of them, released by means of appropriate protein cleavage, are able to interact with different cellular signaling reactive
elements. Left: Transmembrane localization of teneurins, anchored to the cytoskeleton through Pn domains. Right: Suggested teneurins cleavage-derived effects, through the
release of the intracellular domain (ICD) which could translocate to the nucleus, similar to Notch, inducing DNA transcription of target elements; or the release of
extracellular fragments, such as the teneurin c-terminal associated peptide (TCAP), which could also translocate to the nucleus or interact through a ligand-receptor
mechanism with additional cellular elements, inducing target gene transcription. Abbreviations: LRP5/6: low density lipoprotein receptor-related protein 5/6; Fzd: Frizzled
receptor.

Although the key pathogenic events, such as increased Ab levels, have been well established, the molecular mechanisms causing
such alterations as well as the cellular pathways involved in neuronal degeneration and dementia are not yet fully understood
[9]. Precisely, at least in part, the complexity of AD lies in the several cellular signaling pathways that have been associated with it
and the crosstalk usually established between them. These cellular
signaling pathways are mainly related to neuronal survival, cellular proliferation and differentiation, and cell death. Of these pathways, Wnt [60–63] and Notch [64] signaling have been frequently
associated with neuronal proliferation and survival. Moreover, several Wnt and Notch deficient models have demonstrated critical
age-related deficits in neuronal development, cognitive dysfunction, and spatial navigation [9,62,63,65,66]. On the other hand,
the Ca2+, mTOR and FoxO pathways have been associated with cell
senescence and with the apoptotic cascade triggered after neuronal
insult [9,67,68].
Considering the current available knowledge regarding Wnt signaling pathways and teneurins, several critical observations suggest that these two components might be closely related, not
only during normal CNS development, but also during pathological
conditions [69,70]. Indeed, Wnt signaling plays a major role in several aspects that also seem to be associated with teneurins, such as
neurogenesis, cytoskeletal arrangement and dendritic spine density [9,71]. Moreover, some of the already described regulatory factors for teneurins expression have also been related to the

regulatory activity of Wnt genes [72]. On the other hand, the fact
that teneurins express Ca2+-binding motifs makes them vulnerable
to the deleterious effects of increased intracellular Ca2+ levels, a
mechanism that should further connect teneurins with the Wnt
pathway [73]. All these aspects allow us to hypothesize that teneurins might play an unexpected role in AD, considering the critical
function that these proteins exhibit during the development and
maintenance of the neuronal network. Moreover, teneurins might
interact directly and/or indirectly with the Wnt signaling pathway,
perhaps, acting as a canonical Wnt agonist or antagonist, taking
into consideration recent studies suggesting that the teneurins
intracellular domain might suppress Wnt/b-catenin signaling
through Zic2 activation [35,74,75]. In addition, because of the
Ca2+ sensitive domains, the non-canonical Wnt/Ca2+ pathway
might also be involved in the teneurin-mediated effects and could
imply a direct crosstalk between them. Likewise, it is important to
remember that the activity of teneurins may be exerted not only by
the IC domain, but also by the extracellular TCAP, which has been
demonstrated to have teneurin-independent activity and important roles in several neuronal processes, closely related with the
activity of several cellular signaling pathways, such as Wnt [45,76].
Conclusion
Research focused on AD has provided new perspectives regarding the mechanisms related to the early phases of the disease, and

Please cite this article in press as: Bastías-Candia S et al. Teneurins and Alzheimer’s disease: A suggestive role for a unique family of proteins. Med Hypotheses (2015), http://dx.doi.org/10.1016/j.mehy.2015.01.026

S. Bastías-Candia et al. / Medical Hypotheses xxx (2015) xxx–xxx

how these mechanisms interact between them to establish a
highly complex network of cellular signaling pathways which ultimately culminate in neuronal damage and loss. Although several
molecules have demonstrated neuroprotective effects against Abinduced damage, no effective therapy is currently available. Adult
neurogenesis has emerged as a promising research field, not only
for the treatment of AD, but also for several neurological conditions
that will benefit from neuronal repopulation. In this regard, different efforts have been made to preserve, increase and stimulate
neuronal progenitor cells [6,77,78]. The Wnt signaling pathway
has emerged as one of the potential pathways capable of modulating adult neurogenesis [77]; however, it is not only important to
achieve an increased number of fully developed neurons, but also
to ensure its appropriate incorporation into the neuronal network,
providing healthy functional synapses to replace the deficits that
develop during the neurodegenerative process [62,79]. The role
that CAMs seem to play during this process is out of discussion;
however, our current knowledge regarding teneurins allows
hypothesize that this family of proteins might play an unexpected
role in this process and subsequently in AD, considering the critical
function that these proteins exhibit during the development and
maintenance of the neuronal network, and mediating, at least in
part, adult neurogenesis, similar to what have been demonstrated
during CNS development. Indeed, hippocampal neurogenesis is
dependent on the ability of neurons to recognize and form key
inter-neuronal synapses; a key hallmark of teneurins activity. In
the same way, so far, teneurins seem to exert their actions by both
acting as adhesion proteins and also as a signaling system able to
establish a complex network of interactions with several cellular
signaling pathways that participate in normal aging and neurodegeneration. Particularly, along with the similar functions observed
for teneurins and the Wnt signaling pathway, the presence of Ca2+binding motifs and the Zic2-mediated Wnt/b-catenin signaling
modulation offers further support to the hypothesis of a relevant
role and a close relation between teneurins and the Wnt signaling
pathway and the processes under its control.
Of course, our knowledge is still very limited, and we are not
able to fully understand the full range of effects derived from teneurins activity [69]. In the same way, the mechanisms related to
teneurins cleavage are still completely unknown, and even when
it is possible to suggest that an APP or Notch c-secretase-like processing might be involved, it is extremely necessary to address if
this mechanism verified in vivo. So far, research seems to suggest
that teneurins might be important players not only during neuronal development, but also during neurodegeneration. Thus, new
research focused on addressing and evaluating the roles of teneurins, as well as teneurins proteolytic end-products, should be seriously considered and it might provide new insights regarding AD
and other neurodegenerative disorders.
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