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Introduction

A network with appropriate quality and quantity of intercellular and intracellular

communication is fundamental for healthy brain function. In other words, molecular,

cellular, and structural impairments of brain cells are associated with a broad range of

pathophysiological conditions, including aging and age-associated diseases, motor and

behavioral symptoms, and metabolic syndromes. A neural tissue-specific epidermal

growth factor (EGF)-like protein was first identified in 1995 in chick embryos and named

NEL (1). Subsequently, two mammalian homologs of chicken NEL were identified in

rodents and humans and named NELL1 and NELL2 (2, 3). Among them, NELL2 is more

closely related to NEL and is highly conserved among species including humans. An

expression profile of NELL2 in rodent brains revealed the broad distribution of NELL2

throughout the entire brain (4). Interestingly, accumulating evidence has demonstrated

that NELL2 is a secreting neuropeptide (2, 3, 5) and, at the same time, is an intracellular

neuromodulator through a direct interaction with protein kinase C (PKC) within

neurons (6, 7). Importantly, these investigations have further indicated a positioning-

dependent conflicting outcome of NELL2-triggered signaling in downstream target gene

activation within neurons (7) as well as in competitive synaptic remodeling between

neurons (8, 9). Therefore, this review will discuss a site-specific multifactorial nature of

NELL2 action in brain, and further a possible involvement of NELL2 in central

cardiometabolism regulation.
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A site of NELL2 action: Intracellular
vs. extracellular

In the beginning, investigations have mainly focused to

characterize the biochemical and structural signature of

NELL2 protein (2, 3), and revealed that NELL2 peptide

consists of multiple functional domains, including the von

Willebrand factor C, a thrombospondin-1-like structure, and

several EGF-like repeats. In particular, some of the EGF-repeat

domains possessed Ca2+-binding ability. The physiological

function of these domains remains largely unidentified;

however, accumulated investigations have recognized that

these domains share common characteristics with extracellular

matrix proteins known to be critical in neural growth and

development (2, 3, 10). Indeed, NELL2 is a glycosylated

protein and possesses a signal peptide domain that is

necessary for secreting proteins (3), and is able to bind to the

roundabout (Robo) family of membrane receptors (9, 11, 12), or

an orphan receptor tyrosine kinase, c-ros oncogene 1 (ROS1)

(13). Within the cytoplasm, localization of NELL2 was highly

limited to the endoplasmic reticulum (ER), Golgi apparatus, and

moving vesicles between soma and axons (5). These

investigations together clearly indicate the nature of NELL2 as

a secreting neuropeptide.

On the other hand, other studies have recognized an

intracellular NELL2 action through the PKC–ERK pathway.

In these studies, NELL2 was identified as a PKC-binding

intracellular molecule through the EGF-like motifs (6), and

an ablation of endogenous NELL2 synthesis reduced the

survival of neurons under cell death conditions (14), and

resulted in the shortening axonal projections of cells (8), both

of which through the downregulation of ERK signaling. Based

on these studies, it is reasonable to mention that NELL2 is a

novel and unique molecule that can trigger both intracellular

and extracellular signaling pathways simultaneously.

Additionally, the EGF-like motifs on NELL2 might be the

key to induce NELL2-dependent signaling cascades,

regardless of the area of NELL2 action.
Positioning-dependent contrasting
NELL2 signaling

Our recent findings newly recognized a NELL2 function on

gene expression of preproenkephalin (PPE) (7), a precursor

peptide for multiple endogenous opioids that have been

known to be involved in diverse brain functions including

pain, stress, and cardiovascular and metabolic regulation (15–

19). In this study, we first observed a negative regulatory role of

intracellular NELL2 on PPE gene expression. Before being

released, endogenously biosynthesized NELL2 would be
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processed through the ER as mentioned above (5), and

therefore, an expression vector carrying a NELL2-coding

region conjugated with an ER retention motif has been utilized

to confine NELL2 in the ER. Importantly, accumulated NELL2

in the ER resulted in a reduced PPE gene expression through the

Ca2+-binding EGF motifs, by downregulating a series of

intracellular signaling pathways including PKC, ERK, and c-

Fos. Surprisingly, the overall outcomes were opposite from the

extracellular NELL2: a level of PKC, ERK, and c-Fos signaling is

upregulated following extracellular NELL2 treatment, and thus,

gene expression of PPE is enhanced. Additionally, the

intracellular NELL2 action seemed to be dominant to

extracellular NELL2 signaling in terms of PPE gene expression

as an in vivo disruption of NELL2 synthesis resulted in an

enhanced PPE gene expression in the rat brains. These

observations clearly indicate a positioning-dependent

bidirectional NELL2 function on PPE gene expression.

Interestingly, recent studies have also demonstrated a role

for NELL2 in competitive synaptic remodeling in neurons (8, 9).

Both extracellular and intracellular NELL2 induced overall

axonal elongation of neurons (8), and therefore, NELL2 is

suggested to be an activator of axonal projections regardless of

the site of action. However, another investigation has further

demonstrated that cells that received extracellular NELL2 from a

certain direction withhold their fibers from the cell surface facing

the NELL2, but elongate their fibers to the opposing direction

(9). Therefore, the nature of extracellular NELL2 on axonal

growth is likely inhibitory. Together, these results indicate a

positioning-dependent opposing effect of NELL2 on PPE gene

expression as well as synaptic remodeling.
A possible role of NELL2 in central
cardiometabolism regulation

As mentioned above, qualitative and quantitative

information on NELL2-dependent molecular and cellular

mechanisms is now available. However, a physiological NELL2

function has not been well determined in adult mammalian

brains. Interestingly, our anatomical approaches to determining

brain distribution of NELL2 revealed a relatively high expression

of NELL2 in terms of both mRNA and protein levels in multiple

cardiometabolic nuclei, including the subfornical organ (SFO),

paraventricular and ventromedial hypothalamic nucleus (PVN

and VMH, respectively), and the arcuate nucleus (ARC) in adult

rodent brains (4, 20). Especially in the ARC, NELL2 expression

is detected on proopiomelanocortin (POMC) cells as well as cells

expressing neuropeptide Y (NPY) (20). In the context of central

cardiometabolism regulation, the SFO and ARC are believed to

be the forebrain gates for circulating cardiometabolic signaling

molecules, and transform the information into the deep brain

regions, such as the PVN, to regulate neuroendocrine and
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autonomic outcomes for the preservation of cardiometabolic

homeostasis (21, 22). Following these anatomical observations,

studies utilizing the loss-of-function approach further

demonstrated an involvement of NELL2 in metabolism

regulation (20). Hypothalamus-targeted ablation of NELL2

biosynthesis in adult rats resulted in a reduction in daily food

intake and body weight gain. In addition, mRNA levels of

hypothalamic NELL2 were increased under fasting conditions

compared to those in a fed state. These molecular and behavioral

results clearly indicate an involvement of hypothalamic NELL2

in metabolic homeostasis as an orexigenic molecule. Unlike PPE,

NELL2 did not affect the gene expression of both POMC and

NPY in the ARC. Therefore, an investigation aimed at

understanding the detailed underlying mechanism through

which NELL2 affects metabolism regulation is necessary.
Conclusion

NELL2 is a secreting neuropeptide and thus believed to be an

extracellular signaling molecule with an autocrine, paracrine,

and/or endocrine nature. At the same time, NELL2 also

possesses the ability to modify ER-initiated intracellular

signaling pathways. A striking finding from us and other

groups is that the outcome of NELL2 signaling is dependent

on the site of NELL2 action: the effects of intracellular NELL2

signaling in terms of downstream gene expression and/or

synaptic reorganization could be reversed by the NELL2

signaling initiated extracellularly.

In spite of recent efforts, NELL2-mediated cellular

signaling and physiological functions are still largely

unknown. For example, NELL2 is able to bind to certain

receptors as described above; however, specific receptor-

dependent NELL2 signaling has not been elucidated.

Additionally, there is a possibility that some cells utilize

NELL2 only as an intracellular modulator while the other
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cells use it exclusively as an extracellular molecule. Therefore,

in-depth and targeted investigations to address these questions

are clearly necessary.

NELL2 is a newly identified rising molecule in the field of

brain physiology, and the site of NELL2 action should be

considered in future studies.
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