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Abstract

:

Simple Summary


Researchers have shown that tumor biomarkers and increased nerve density are important clinical tools for determining cancer prognosis and developing effective treatments. The aims of our review were to synthesize these findings by detailing the histology of peripheral nerves, discuss the use of various neuronal biomarkers in cancer, and assess the impact of increased nerve density on tumorigenesis. This review demonstrates that specific neuronal markers may have an important role in tumorigenesis and may serve as diagnostic and prognostic factors for various cancers. Moreover, increased nerve density may be associated with worse prognosis in different cancers, and cancer therapies that decrease nerve density may offer benefit to patients.




Abstract


Certain histologic characteristics of neurons, novel neuronal biomarkers, and nerve density are emerging as important diagnostic and prognostic tools in several cancers. The tumor microenvironment has long been known to promote tumor development via promoting angiogenesis and cellular proliferation, but new evidence has shown that neural proliferation and invasion in the tumor microenvironment may also enable tumor growth. Specific neuronal components in peripheral nerves and their localization in certain tumor sites have been identified and associated with tumor aggressiveness. In addition, dense neural innervation has been shown to promote tumorigenesis. In this review, we will summarize the histological components of a nerve, explore the neuronal biomarkers found in tumor sites, and discuss clinical correlates between tumor neurobiology and patient prognosis.
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1. Introduction


The tumor microenvironment consists of well-recognized interactions between tumor cells and the surrounding vasculature, immune system, stromal cells, and extracellular matrix [1]. Characterization of these interactions has allowed clinical researchers to develop numerous oncologic therapeutic agents ranging from vascular endothelial growth factor inhibitors to immunotherapy [2]. The interaction between the nervous system and the tumor microenvironment has not received as much attention in the literature but has recently garnered interest [3]. Studies have measured the neural density in the tumor microenvironment and elucidated its association with tumorigenesis. Moreover, researchers have also begun to identify specific neural biomarkers in these dense neural networks [4]. These biomarkers may allow us to trace the origins of a tumor, differentiate closely related cancers, and predict the prognosis of a patient. In this review, we will discuss the histology of peripheral nerves, focus on specific biomarkers located in extracranial tumors, and summarize clinical correlates between tumor neurobiology and patient prognosis.




2. Histology of Peripheral Nerves


Macroscopically, healthy peripheral nerves appear as white fascicular bundles surrounded by pale, thin connective tissue; the thickness or diameter typically decreases progressively towards the distal aspect [5]. However, previously traumatized or damaged nerves appear thinner, with a prominent grayish hue [6]. Histologically, a peripheral nerve is composed of neuronal axons concentrically surrounded by endoneurium and perineurium and bundled together by epineurium, as illustrated in Figure 1 [7]. In a cross-section of a typical peripheral nerve, Schwann cells comprise the majority of the visible nuclei, followed by fibroblasts, mast cells, and, rarely, endothelial cells.



Each nerve fiber is composed of a central axon, a cylindrical extension of cytoplasm or perikaryon of the neural body located in the ganglia. The central axon is enveloped by Schwann cells along its entire length [7]. The majority of the axon consists of a delicate endoskeleton composed of a longitudinally oriented lattice of actin, neurofilaments, and tubulin (Figure 2), which enmesh cellular organelles such as mitochondria, smooth endoplasmic reticulum, peroxisomes, rare ribosomes, and neurotransmitter vesicles [8]. Neurofilaments are classified into three major subunits based on their molecular weights: neurofilament-light, neurofilament-medium, and neurofilament-heavy (Figure 2) heteropolymers [9,10]. Therefore, immunostaining for neurofilaments may be used to identify nerve fibers and neural proliferation, specifically neurite branching. However, smaller unmyelinated nerve fibers may be difficult to identify owing to the paucity of axons and their size; therefore, markers of other nonneural cells are frequently used for the identification of nerves.



In myelinated nerve fibers, a single Schwann cell concentrically encircles repeating segments of the neuronal axon. Each Schwann cell produces a myelin sheath encapsulating a single segment of neuronal axon [7,11]. Unmyelinated gaps on the axon, known as Nodes of Ranvier, are essential for saltatory (discontinuous) and very rapid conduction of depolarization through the nerve fiber [12,13]. In nonmyelinated nerves, a single Schwann cell may encircle several axons. Because Schwann cells are the most numerous nucleated cells in a peripheral nerve, their presence has been frequently used for the identification of nerves in histologic sections. Schwann cells are often positive for S100 (nuclear and cytoplasmic pattern) (Figure 3), GFAP, SOX10, E-cadherin, CD56, CD57, PGP9.5, and calretinin [14,15].



Endoneurium encloses axons and Schwann cells, as well as stromal components including collagen fibers, fibroblasts, and CD34-positive dendritic cells [7,16]. The endoneurial collagen is organized as an outer sheath of larger, longitudinally oriented collagen fibers and an inner sheath of fine oblique and circumferential collagen fibers. The inner sheath and Schwann cell basement membrane fuse to form the neurilemma.



Perineurium is a tubular sheath encircling several endoneurial components to form nerve fascicles and is composed of flattened cells and collagen [7,17]. The perineurial cells are characterized by numerous tight junctions, thereby producing a blood-nerve barrier. Immunostaining for markers of perineurial cells such as claudin-1, mucin-1 (MUC1, also known as epithelial membrane antigen [EMA]), and glucose transporter protein-1 (GLUT-1) is also commonly used in the identification of peripheral nerves as well as neoplasms originating from perineurium [17].



Epineurium is composed of connective tissue and binds several nerve fascicles together, sometimes along with small blood vessels and lymphatics, to form a neurovascular bundle [18]. It is typically composed of collagen and a few elastin fibers [18]. In larger nerves, the blood vessels feeding nerves, i.e., the vasa nervosum, run longitudinally within the epineurium. The epineurium is thicker proximally; however, in the distal aspect, where only single nerve fascicles are present, the epineurium may disappear completely.




3. Perineurial Invasion


Although involvement of nerves has been well recognized as a mode of cancer spread for almost 2 centuries [19,20], the criteria for histopathologic identification of perineurial invasion (PNI), a subset of neurotropism, continue to be debated [21,22]. Currently, PNI (Figure 4) is defined as the presence of tumor cells abutting or in close proximity to a nerve with encirclement of at least a third of the nerve circumference by tumor or the presence of cancer cells within the epineurial, perineurial, and/or endoneurial compartments of a nerve [23]. However, some pathologists consider mere abutting of tumor cells against a nerve—without intervening stroma—to constitute PNI, particularly in melanoma [24], while others require the unequivocal presence of tumor cells within the perineurium [21]. Additionally, caution should be employed during radiologic [25] and histopathologic [26] evaluation because some benign entities may show features similar to PNI.



PNI has been demonstrated to be an independent risk factor for local tumor recurrence and, in some contexts, shorter patient survival [23,27]. In addition, its presence has been associated with poor prognosis in cancers of the pancreas [28,29] including the ampulla [30]; gallbladder [31]; extrahepatic bile ducts [32]; stomach [33]; colon and rectum [34,35]; penis [36]; and prostate [37]; in melanoma [38,39,40]; in cancers of several head and neck sites, including the larynx [41], oral cavity [41], salivary glands [41,42], and pharynx [41]; and in cutaneous squamous cell carcinoma [43]. Head and neck cancers also have a high propensity for involving cranial nerves and for intracranial spread, resulting not only in functional and cosmetic morbidities but also carrying a high risk for tumor-specific mortality [42,44,45,46]. Moreover, the presence of PNI outside the confines of a main tumor mass (extratumoral PNI) may be associated with worse prognosis [47].



Invasion of small unnamed branches of cranial nerves or most peripheral nerves may not be clinically symptomatic, in particular when the nerve fiber diameter is less than 0.1 mm [48]. This size criterion applies primarily to cutaneous squamous cell carcinoma of the head and neck, where PNI in the subcutis is also considered to be an indicator of poor prognosis [48,49] and is included as a criterion for T categorization in the eighth edition of the AJCC staging system [50]. Similarly, PNI is also included in the T categorization of penile cancers [51]. Therefore, PNI of any size should be reported when identified. Additionally, it is important to document when there are multiple foci of PNI (Figure 4).




4. Determination of Nerve Density


Nerve density is defined as the number of nerve profiles identified within a specific area and is expressed as the number per square millimeter or per high-power field (200× or 400×) [52]. Higher nerve density, in general, appears to correlate with worse prognosis. In most studies published thus far, at least one immunohistochemical marker has been used for identification of nerves [52]. While use of immunohistochemical markers increases the sensitivity for identifying nerves, individual immunostaining may not be widely available. Therefore, we propose a standardized method to accurately determine nerve density by hematoxylin and eosin (H&E) stains using scanned whole-slide images (WSI) (Figure 5). In the example illustrated here, a representative H&E-stained section including tumor as well as surrounding uninvolved tissue was scanned using a ScanScope digital pathology system (Aperio, Vista, CA, USA) in SVS format at a minimum magnification of 20× and visualized using ImageScope viewer (Aperio). All nerve profiles were annotated (green arrows) with specific notations for PNI (turquoise rectangles). The extent of viable tumor (yellow line), excluding nonviable tissue such as anucleate keratinous material (asterisks) and uninvolved tissue (red line), was drawn on the WSI. The respective tumor and normal areas were determined from the annotations, and the nerve density in each slide was calculated as the total number of nerves divided by area and expressed as the number per square millimeter.



This standardized way of determining nerve density, however, has two limitations: (i) facilities for WSI are not yet widely available, and (ii) small nerve fascicles may not be discernible on H&E-stained sections. Moreover, it is currently unclear whether evaluation of a single representative section would be sufficient and/or scientifically valid, and the criteria for selecting the representative section are subjective.




5. Mechanism of Interaction between Nerves and Cancer


Nerves play an important role in the microenvironment of tumors. In recent studies, PNI has been shown to be associated with tumor progression and poor outcomes. The mechanism of tumor-nerve interaction is postulated to involve two mechanisms. Tumor cells secrete neurotrophic factors, neurotransmitters, and axon guidance molecule, signaling initiation of neuron reprogramming, which increases nerve recruitment or infiltrates previously existing nerves. In addition, nerves also secrete neuroactive molecules that interact with receptors on tumor cells and on cells in the tumor microenvironment. These interactions have been shown to promote tumorigenesis.



5.1. Effect of Tumor Cells on Nerves


Cancer cells have been shown to infiltrate into or around nerves during PNI. Cancer cells can use PNI as a pathway to metastasize, similar to vascular and lymphatic channels [53]. More specifically, the recent literature has defined the neural tracking hypothesis as the likely process of PNI. Tumor cells track along a nerve or nerve fiber and inflict nerve injury after infiltrating the perineural space. The damage to the perineurium causes the release of multiple inflammatory cytokines, creating a unique cellular and biochemical microenvironment known as the perineural niche. This niche further promotes neural regeneration, which can act as a pathway for metastasis. Moreover, cancer cells can react to neurogenesis and increase the recruitment of axons into tumor tissue. The recruitment of nerves into these tumor sites, such as angiogenesis, increases tumorigenesis. These newly recruited nerves have both direct and indirect effects on tumor sites. In terms of direct effects, neurons can release neurotransmitters directly into a synapse with tumor cells, which can propagate tumor progression. In the paracrine mode, neurotrophic factors such as nerve growth factor (NGF), brain-derived growth factor (BDNF), glial cell line-derived neurotrophic factors, axon guidance molecules such as CCL2, CX3CL1, EphA2m, and Slit, and neurotransmitters including SCh, glutamate, glycine, epinephrine, norepinephrine, and dopamine are released via nerves [54,55]. Tumor cells express receptors such as tyrosine kinase receptor A (TrkA), TrkB, and NGF receptor (NGFR) that interact with these factors, leading to a downstream cascade that increases tumor proliferation. In addition to the paracrine mode, the chemical synapse is a unique form of interaction between nerves and tumors. In these synapses, two adjacent neurons communicate using transmitters such as glutamate. Glutamate, which functions as an excitatory neurotransmitter, can cause the depolarization of neurons. This depolarization in nerves has been shown to increase tumor proliferation [53].




5.2. Indirect Effects of the Nerves on Tumors


Nerves also have indirect effects on tumors. They have been shown to interact with stromal components in the tumor microenvironment, indirectly promoting tumor growth and metastasis. For example, nerves can secrete neurotransmitters such as catecholamine, Ach, dopamine, NGF, and BNF, which all promote angiogenesis [56,57,58,59,60]. This angiogenesis can provide an essential vascular supply to tumor sites, allowing for rapid cell proliferation. In addition, nerves communicate with the immune system and can contribute to tumor progression. For example, in the spleen, adrenergic innervation has been shown to stimulate the production of Ach in T-cells [61]. Ach secreted from T-cells can inhibit tumor necrosis factor production, thereby increasing tumor growth. In addition, in the lungs, T-cell-derived Ach has been shown to accelerate tumor growth and metastasis [62].





6. Neural Biomarkers and Their Role in Cancer


Neural biomarkers can be used to identify the origin of a tumor, can enable the differentiation and classification of tumors, and can serve as prognostic factors in several cancers [63]. These biomarkers are most often found in immature neurons, which do not have a fully developed initial axon segment, unlike mature neurons, which do have a developed axon segment. Moreover, immature neurons are undifferentiated, whereas mature neurons have evolved into specialized cells with specific tasks. In this section, we will further explore these neural biomarkers and their involvement in cancer.



6.1. Biomarkers in Immature Neurons


6.1.1. NeuroD1


Neurogenic differentiation factor 1 (NeuroD1) is a basic helix–loop–helix transcription factor found in neurons that plays an important role in neuronal differentiation [64]. NeuroD1 has been shown to play an important role in the tumorigenesis of various peripheral tumors such as schwannomas and neuroblastomas.



In a study assessing the impact of NeuroD1 in neuroblastoma, researchers examined the expression profile of NeuroD1 in MYCN-overexpressing transgenic mice and the role of NeuroD1 in tumor formation [65]. They found that NeuroD1 was strongly expressed in the celiac sympathetic ganglion of MYCN mice and expressed in all subsequently generated advanced cancer tissue. Moreover, the authors noted that inhibition of NeuroD1 via short hairpin RNA (shRNA) resulted in decreased neuroblastoma cellular motility. They also noted that tumor proliferation was suppressed with NeuroD1 inhibition. The researchers concluded that NeuroD1 expression is associated with increased tumorigenesis of neuroblastoma and associated with a poor prognosis in mouse models [65].



Investigators in another study used a variety of transgenic mouse lines to determine how the expression of NeuroD1 affects schwannoma tumor progression, vestibular function, and schwannoma cell proliferation [66]. The authors found that gene transfer of NEUROD1 significantly reduced the proliferation of schwannoma cells [66]. The researchers then deleted the neurofibromatosis 2 suppressor gene (NF2) in schwannoma cells and, as expected, noted increased intraganglionic schwannoma cell proliferation [66]. Interestingly, in these intraganglionic schwannoma cells, addition of NeuroD1 induced variable effects, with no overt decrease in schwannoma cell proliferation [66]. The researchers next performed sciatic nerve axotomy to determine the effect of Neuro D1 on peripheral nerves [66]. Axotomy significantly increased schwannoma cell proliferation, as expected [66]. The authors concluded that NeuroD1 inhibits the proliferation of Schwann cells and functions as a tumor suppressor. However, they noted that the results were mixed and that further research is needed to explore NeuroD1′s potential role as a therapeutic agent [66].




6.1.2. Tubulin Beta-3 Chain


The protein tubulin beta-3 chain (TUBB3) has many critical cellular functions, including roles in structural support, protein delivery, and cell division [67]. The expression of TUBB3 in cancers has also been postulated to play a role in resistance to taxane-based chemotherapy and thus is of great interest to researchers [67]. In one study, immunohistochemical expression of TUBB3 was assessed in 3911 tissue samples from 100 different tumor categories and 76 different normal tissue types [67]. The study found that all neuroblastoma samples strongly expressed TUBB3. Thus, the investigators suggested that clinicians should consider prescribing taxane-based therapy in patients with neuroblastoma.



In another study, researchers investigated the impact of TUBB3 expression in neurogenic cancers [60]. They noted differing patterns of expression of the TUBB3 protein in the various cancers. In both embryonic and adult neuronal tumors of the peripheral nervous systems, TUBB3 expression was associated with lower rates of neuronal proliferation caused by higher rates of neuronal differentiation. In contrast, in non-neurogenic tumors such as lung cancer, the presence of TUBB3 increased the histologic grade of tumors and promoted cellular proliferation. Thus, in neurogenic tumors, TUBB3 may act as a protective factor by promoting cellular differentiation and thereby attenuating tumorigenesis [68].




6.1.3. Stathmin 1


Stathmin 1 (STMN1) belongs to a family of proteins that are important regulators of microtubule dynamics [69]. Stathmin 1 depolymerizes and prevents the polymerization of several different microtubules. Recently, researchers have begun to take an interest in this protein and have noted its involvement in neurogenic cancers [69].



A study found that stathmin 1 suppression reduced neuroblastoma cell invasion into the extracellular matrix and that its role in tumor invasion is mediated by RHO-associated protein kinase (ROCK), a key regulator of cell migration [70]. In neuroblastoma cells, the suppression of ROCK inhibited cell migration. Moreover, reduced stathmin 1 expression in neuroblastoma cells significantly increased the activity of transforming protein RhoA, which is upstream of ROCK, and induced expression of the RhoA/ROCK pathway. Finally, stathmin 1 suppression in neuroblastoma tumor models decreased whole-body metastasis in the lung, kidney, and liver. Thus, the role of stathmin 1 in neuroblastoma tumorigenesis makes it a potential target for cancer therapeutics [70].





6.2. Biomarkers in Mature Neurons


6.2.1. Microtubule-Associated Protein 2


Microtubule-associated protein 2 (MAP2) belongs to the family of microtubule-associated proteins, which are thought to be involved in assembling microtubules and to play a crucial role in neurogenesis [71]. MAP2 proteins have also been shown to be expressed in neuronally differentiated neurons [72] A study seeking to establish the neural features of peripheral neuroblastic tumors analyzed samples of 12 neuroblastomas, 2 ganglioneuroblastomas, and 4 ganglioneuromas. All tumor samples expressed MAP2, suggesting that MAP2 may be a biomarker for identifying tumors with neural origins or those with significant neural involvement [73].



Another study assessed whether MAP2 expression could be used in the diagnosis of neuroblastoma [74]. Researchers used immunohistochemical analyses of tissue microarrays to evaluate the utility of a commercially available antibody against MAP2 in detecting primary and metastatic neuroblastomas. They found that MAP2 showed cytoplasmic reactivity in 95% of primary and 100% of metastatic neuroblastomas. In contrast, MAP2 was not found in other small round blue cell tumors. Additionally, in normal tissue, MAP2 was expressed only in organs of neural crest origin such as the adrenal medulla. Thus, the authors concluded that MAP2 is both a sensitive and specific marker to detect neuroblastoma and can differentiate neuroblastoma from other tumors with similar morphological features [74].




6.2.2. Synaptophysin


In a study evaluating the utility of synaptophysin for detecting childhood neuroblastoma, synaptophysin immunoreactivity was found in six of six neuroblastoma samples tested but not in other small round cell tumors with similar features [75]. In addition, rhabdomyosarcomas, lymphomas, and Ewing sarcomas were all negative for synaptophysin. This study indicated that synaptophysin could be an important diagnostic marker for evaluating neuroblastoma and should be included in marker panels [75].






7. Clinical Evidence of Nerve Density in Cancer


Neural density has been shown in the literature to be associated with increased tumor aggressiveness and proliferation [52]. In this section, we focus on clinical studies that have evaluated the clinical relevance of neural density in peripheral cancers. One such cancer in which researchers have noted increases in neural density is prostate cancer. A retrospective analysis of 43 patients with prostate cancer showed that a high nerve density index was associated with a higher tumor proliferation index [76]. Another study was conducted to identify the spatial and temporal associations of nerve density with preneoplastic and neoplastic growth of the prostate [77]. These researchers found that nerve density was higher in the neoplastic and preneoplastic regions than in normal prostate tissues [77]. They further showed that cancer cells interacted with neurons and promoted the growth of neurites [77]. The study suggested that neurogenesis is a key factor contributing to aggressiveness and recurrence in prostate cancer [77].



Nerve density has also been postulated to play a role in head and neck cancer [3]. A study that analyzed retrospective samples from oral cancers revealed that tumors that lacked TP53 expression displayed increased neurogenesis [3]. The authors noted that a loss of TP53 caused transdifferentiation of peripheral sensory nerves, which initiated adrenergic neurogenesis. The subsequent increase in neural density was associated with poor clinical outcomes, suggesting that neurogenesis may be an important target for cancer therapeutics in the future [3].



Another study investigated the innervation of thyroid cancers and the association of neural density with outcomes in patients [78]. Researchers detected nerves in papillary thyroid cancer by immunohistochemistry using the pan-neuronal marker PGP9.5 and compared nerve densities to those found in papillary and follicular thyroid carcinomas and benign thyroid tissue. Interestingly, nerves were present in both benign thyroid tissue and cancer, but nerve density was significantly higher in papillary thyroid carcinoma. However, nerve density was not higher in follicular thyroid carcinoma and benign thyroid tissue. The researchers also noted that neural density was significantly associated with extrathyroidal invasion, suggesting that high neural density may be associated with worse clinical outcomes [78].



Breast cancer has also been shown to exhibit high nerve density [79]. Researchers in one study evaluated a total of 196 samples including 20 normal tissue specimens, 14 fibroadenomas, 18 ductal carcinomas in situ (DCIS), and 144 invasive ductal carcinomas. Immunostaining for PGP 9.5 and S100 to identify nerves showed PGP9.5-positive nerve fibers in all normal tissue samples and 61% of invasive ductal carcinomas. However, PGP9.5 staining was not found in fibroadenomas or DCIS. Moreover, patients with less than 3 years disease-free survival tended to have higher expression of PGP9.5 than did patients with 3 or more years of disease-free survival, suggesting that dense innervation may be associated with breast cancer progression [79].



In another study, researchers evaluated whether nerve fiber density could differentiate between schwannomatosis and neurofibromatosis [80]. Patients with schwannomatosis have more neuropathic pain than do patients with neurofibromatosis, but the presence of pain is the only clinical differentiator between the two diagnoses. Thus, the researchers examined skin biopsy specimens from 34 patients with schwannomatosis and 25 patients with neurofibromatosis type 2. In the schwannomatosis group, 97% of patients showed intraepidermal nerve fiber density (IEND) below or at levels similar to a matched reference group (p < 0.0001). In contrast, in patients with neurofibromatosis type 2, only 44% had lower IEND compared to the corresponding reference group. Thus, quantifying nerve density is another clinical tool with which to differentiate schwannomatosis from neurofibromatosis and to develop therapeutics that can treat the neuropathic pain associated with schwannomatosis [80].



In another study conducted to develop a new parameter to evaluate peripheral nerve pathology on ultrasound [81], researchers developed software to quantify the ratio between hyperechoic and hypoechoic regions on ultrasound. Nerve density was defined as the ratio of hypoechoic pixels to total pixels. The study included 65 patients, 35 of whom had been diagnosed with carpal tunnel syndrome and 30 with neurofibromas. The study showed that ultrasound could detect differences in nerve density among normal nerves, nerves affected by carpal tunnel syndrome, and neurofibromas, and the results were statistically significant [81]. This study thus discovered a novel method to differentiate nerve density and offered an alternative diagnostic tool that can differentiate neural pathologies.



Finally, another study evaluated the effect of vasoinhibin on NGF-induced differentiation and survival of PC12 pheochromocytoma cells [82]. Vasoinhibin has been shown to decrease NGF-induced outgrowth in peripheral neurons, but there is limited research on the effect of vasoinhibin on developing neurons. The authors therefore evaluated whether administration of recombinant vasoinhibin or lentiviral-transduced vasoinhibin affected neural differentiation and growth. They found that vasoinhibin significantly reduced NGF-induced neurite outgrowth and cell survival and increased apoptosis. The authors concluded that therapeutic agents that decrease neural density may be effective and that future clinical trials should further evaluate these findings [82].




8. Discussion


The roles of nerve histology, neural biomarkers, and increased nerve density in tumor development have been the subject of many recent studies with aspirations of expanding the repertoire of cancer therapies. Recent evidence supports the involvement of these factors in tumorigenesis, tumor proliferation, angiogenesis, and tumor invasion.



This review described the histological components of a peripheral nerve: nerve fibers concentrically surrounded by endoneurium, and perineurium bundled together by epineurium. Immunostaining for histologic components of perineurial cells and epineural cells has been commonly used in the identification of peripheral nerves and neoplasms that may originate from perineurial cells [17].



This review also considered research demonstrating that specific neuronal markers may have an important role in tumorigenesis and can serve as important diagnostic and prognostic factors for extracranial cancers. These markers are categorized based on whether they originate from immature or mature neurons [63].



We also assessed recent clinical evidence of neural density and its role in tumorigenesis. In many cancers, such as certain prostate, oral, thyroid, and breast cancers, high neural density is associated with tumor invasion and aggressiveness and with poor clinical outcomes [79]. We found that neural density may also serve as an important differentiator between closely related pathologies such schwannomatosis and neurofibromatosis or neurofibromas and carpal tunnel syndrome. We also noted that agents that decrease neural density such as vasohibin can attenuate proliferation and increase apoptosis of pheochromocytoma cells, thus serving as an effective oncologic therapy [82]. These results indicate that tumorigenesis is associated with increased neural density which could be targeted with future pharmacotherapeutic agents.



We encourage future research to further develop methods to identify the histological characteristics of nerves, investigate additional neuronal biomarkers, and develop clinical trials that assess oncologic therapies targeting neural density. The current method to detail the characteristics of nerves involves semi-quantitative analysis, which has several limitations [82]. These limitations range from variability in methods between researchers in performing the staining to different interpretations of the stains. [82]. Standardization and guidelines are needed to ensure that staining results are precise, accurate, and consistent [82]. In addition, the literature on identifying tumor biomarkers in peripheral neurogenic tumors is scarce in comparison to that on tumors with different tissues of origin. Thus, researchers may find benefit in investing resources in delineating new biomarkers for peripheral neurogenic tumors. Lastly, increased nerve density has been shown to worsen prognosis for peripheral cancers in preclinical models, but there are currently no clinical studies assessing this effect. Thus, we encourage researchers to develop clinical trials that assess the impact of increased nerve density in addition to oncologic therapeutics that decrease nerve densities.




9. Conclusions


This review has detailed the histology of peripheral nerves, discussed the use of various neuronal biomarkers in extracranial tumors, and assessed the impact of increased nerve density on tumorigenesis in these tumors. We reviewed research showing biomarkers with potential to serve as diagnostic and prognostic tools in neurogenic tumors of the peripheral nervous system. In addition, we noted evidence demonstrating that increased neural density may be associated with tumorigenesis and that treatments that reduce neural density may show potential in treating peripheral tumors. Future studies should further develop clinical trials that assess the impact of targeting neural density in peripheral tumors and assess whether these strategies can improve patients’ prognosis.







Author Contributions


S.R.A.: Conceptualization, manuscript writing, editing; M.J.: Conceptualization, manuscript writing, editing; P.N.: Conceptualization, manuscript writing, editing, histological analysis; M.A.: Conceptualization, manuscript writing, editing. All authors have read and agreed to the published version of the manuscript.




Funding


Cancer-Associated Neurogenesis and Nerve-Cancer Cross-talk. Silverman DA, Martinez VK, Dougherty PM, Myers JN, Calin GA, Amit M. Cancer Res. 2021 Mar 15;81(6):1431-1440. 10.1158/0008-5472.CAN-20-2793. Epub 2020 Dec 17. PMID: 33334813.




Acknowledgments


The authors thank Amy Ninetto, Scientific Editor, Research Medical Library, for editing this article. Amit’s work and laboratory are supported by the MDACC Head and Neck Cancer Moonshot and NIH/NCI R37 CA242006-01A1.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Baghban, R.; Roshangar, L.; Jahanban-Esfahlan, R.; Seidi, K.; Ebrahimi-Kalan, A.; Jaymand, M.; Kolahian, S.; Javaheri, T.; Zare, P. Tumor Microenvironment Complexity and Therapeutic Implications at a Glance. Cell Commun. Signal. 2020, 18, 59. [Google Scholar] [CrossRef] [PubMed]

	



Batalla-Covello, J.; Ali, S.; Xie, T.; Amit, M. β-Adrenergic Signaling in Skin Cancer. FASEB BioAdvances 2022, 4, 225–234. [Google Scholar] [CrossRef] [PubMed]

	



Amit, M.; Takahashi, H.; Dragomir, M.P.; Lindemann, A.; Gleber-Netto, F.O.; Pickering, C.R.; Anfossi, S.; Osman, A.A.; Cai, Y.; Wang, R.; et al. Loss of p53 Drives Neuron Reprogramming in Head and Neck Cancer. Nature 2020, 578, 449–454. [Google Scholar] [CrossRef] [PubMed]

	



Smits, M. MRI Biomarkers in Neuro-Oncology. Nat. Rev. Neurol. 2021, 17, 486–500. [Google Scholar] [CrossRef]

	



Shield, L.K.; King, R.H.; Thomas, P.K. A Morphometric Study of Human Fetal Sural Nerve. Acta Neuropathol. 1986, 70, 60–70. [Google Scholar] [CrossRef]

	



Geuna, S.; Raimondo, S.; Ronchi, G.; Di Scipio, F.; Tos, P.; Czaja, K.; Fornaro, M. Chapter 3 Histology of the Peripheral Nerve and Changes Occurring During Nerve Regeneration. In International Review of Neurobiology; Academic Press: Cambridge, MA, USA, 2009; Volume 87, pp. 27–46. [Google Scholar]

	



Ortiz-Hidalgo, C.W.R.O. Histology for Pathologists; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2012. [Google Scholar]

	



Shea, T.B.; Chan, W.K.-H.; Kushkuley, J.; Lee, S. Organizational Dynamics, Functions, and Pathobiological Dysfunctions of Neurofilaments. Results Probl. Cell Differ. 2009, 48, 29–45. [Google Scholar]

	



Al-Chalabi, A.; Miller, C.C.J. Neurofilaments and Neurological Disease. BioEssays 2003, 25, 346–355. [Google Scholar] [CrossRef]

	



Julien, J.P.; Mushynski, W.E. Neurofilaments in Health and Disease. Prog. Nucleic Acid Res. Mol. Biol. 1998, 61, 1–23. [Google Scholar]

	



Taveggia, C.; Feltri, M.L. Beyond Wrapping: Canonical and Noncanonical Functions of Schwann Cells. Annu. Rev. Neurosci. 2022, 45, 561–580. [Google Scholar] [CrossRef]

	



Sherman, D.L.; Brophy, P.J. Mechanisms of Axon Ensheathment and Myelin Growth. Nat. Rev. Neurosci. 2005, 6, 683–690. [Google Scholar] [CrossRef]

	



Mirsky, R.; Jessen, K.R. The Neurobiology of Schwann Cells. Brain Pathol. 1999, 9, 293–311. [Google Scholar] [CrossRef] [PubMed]

	



Garavito, Z.V.; Sutachán, J.J.; Muñetón, V.C.; Hurtado, H. Is S-100 Protein a Suitable Marker for Adult Schwann Cells? In Vitro Cell. Dev. Biol. Anim. 2000, 36, 281–283. [Google Scholar] [CrossRef]

	



Scarpini, E.; Meola, G.; Baron, P.L.; Beretta, S.; Velicogna, M.; Moggio, M.; Buscaglia, M.; Doronzo, R.; Scarlato, G. Human Schwann Cells: Cytochemical, Ultrastructural and Immunological Studies in Vivo and in Vitro. Basic Appl. Histochem. 1987, 31, 33–42. [Google Scholar] [PubMed]

	



Khalifa, M.A.; Montgomery, E.A.; Ismiil, N.; Azumi, N. What Are the CD34+ Cells in Benign Peripheral Nerve Sheath Tumors? Double Immunostaining Study of CD34 and S-100 Protein. Am. J. Clin. Pathol. 2000, 114, 123–126. [Google Scholar] [CrossRef] [PubMed]

	



Piña-Oviedo, S.; Ortiz-Hidalgo, C. The Normal and Neoplastic Perineurium: A Review. Adv. Anat. Pathol. 2008, 15, 147. [Google Scholar] [CrossRef]

	



Tassler, P.L.; Dellon, A.L.; Canoun, C. Identification of Elastic Fibres in the Peripheral Nerve. J. Hand Surg. Br. 1994, 19, 48–54. [Google Scholar] [CrossRef]

	



Neurosurgery. Available online: https://journals.lww.com/neurosurgery/pages/default.aspx (accessed on 27 May 2022).

	



Neumann, E. Secundäre Cancroidinfiltration Des Nervus Mentalis Bei Einem Fall von Lippencancroid. Arch. Pathol. Anat. Physiol. Klin. Med. 1862, 24, 201–202. [Google Scholar] [CrossRef]

	



Dunn, M.; Morgan, M.B.; Beer, T.W. Perineural Invasion: Identification, Significance, and a Standardized Definition. Dermatol. Surg. 2009, 35, 214–221. [Google Scholar] [CrossRef]

	



Batsakis, J.G. Nerves and Neurotropic Carcinomas. Ann. Otol. Rhinol. Laryngol. 1985, 94, 426–427. [Google Scholar]

	



Liebig, C.; Ayala, G.; Wilks, J.A.; Berger, D.H.; Albo, D. Perineural Invasion in Cancer. Cancer 2009, 115, 3379–3391. [Google Scholar] [CrossRef]

	



Gershenwald, J.E.; Scolyer, R.A.; Hess, K.R.; Sondak, V.K.; Long, G.V.; Ross, M.I.; Lazar, A.J.; Faries, M.B.; Kirkwood, J.M.; McArthur, G.A.; et al. Melanoma Staging: Evidence-Based Changes in the American Joint Committee on Cancer Eighth Edition Cancer Staging Manual. CA Cancer J. Clin. 2017, 67, 472–492. [Google Scholar] [CrossRef] [PubMed]

	



Tanwar, M.; Branstetter, B.F., IV. Mimics of Perineural Tumor Spread in the Head and Neck. Br. J. Radiol. 2021, 94, 20210099. [Google Scholar] [CrossRef] [PubMed]

	



Ronaghy, A.; Yaar, R.; Goldberg, L.J.; Mahalingam, M.; Bhawan, J. Perineural Involvement: What Does It Mean? Am. J. Dermatopathol. 2010, 32, 469–476. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, S.-H.; Zhang, S.; Wang, H.; Xue, J.-L.; Zhang, Z.-G. Emerging Experimental Models for Assessing Perineural Invasion in Human Cancers. Cancer Lett. 2022, 535, 215610. [Google Scholar] [CrossRef] [PubMed]

	



Rosa, S.L.; La Rosa, S.; Rigoli, E.; Uccella, S.; Novario, R.; Capella, C. Prognostic and Biological Significance of Cytokeratin 19 in Pancreatic Endocrine Tumours. Histopathology 2007, 50, 597–606. [Google Scholar] [CrossRef]

	



Chatterjee, D.; Katz, M.H.; Rashid, A.; Wang, H.; Iuga, A.C.; Varadhachary, G.R.; Wolff, R.A.; Lee, J.E.; Pisters, P.W.; Crane, C.H.; et al. Perineural and Intraneural Invasion in Posttherapy Pancreaticoduodenectomy Specimens Predicts Poor Prognosis in Patients With Pancreatic Ductal Adenocarcinoma. Am. J. Surg. Pathol. 2012, 36, 409–417. [Google Scholar] [CrossRef]

	



Bettschart, V.; Rahman, M.Q.; Engelken, F.J.F.; Madhavan, K.K.; Parks, R.W.; Garden, O.J. Presentation, Treatment and Outcome in Patients with Ampullary Tumours. Br. J. Surg. 2004, 91, 1600–1607. [Google Scholar] [CrossRef]

	



Yamaguchi, R.; Nagino, M.; Oda, K.; Kamiya, J.; Uesaka, K.; Nimura, Y. Perineural Invasion Has a Negative Impact on Survival of Patients with Gallbladder Carcinoma. Br. J. Surg. 2002, 89, 1130–1136. [Google Scholar] [CrossRef]

	



Murakami, Y.; Uemura, K.; Hayashidani, Y.; Sudo, T.; Ohge, H.; Sueda, T. Pancreatoduodenectomy for Distal Cholangiocarcinoma: Prognostic Impact of Lymph Node Metastasis. World J. Surg. 2007, 31, 337–342. [Google Scholar] [CrossRef]

	



An, J.Y.; Baik, Y.H.; Choi, M.G.; Noh, J.H.; Sohn, T.S.; Kim, S. Predictive Factors for Lymph Node Metastasis in Early Gastric Cancer With Submucosal Invasion. Ann. Surg. 2007, 246, 749–753. [Google Scholar] [CrossRef]

	



Ueno, H.; Shirouzu, K.; Eishi, Y.; Yamada, K.; Kusumi, T.; Kushima, R.; Ikegami, M.; Murata, A.; Okuno, K.; Sato, T.; et al. Characterization of Perineural Invasion As a Component of Colorectal Cancer Staging. Am. J. Surg. Pathol. 2013, 37, 1542–1549. [Google Scholar] [CrossRef]

	



Gomez, D.; Zaitoun, A.M.; De Rosa, A.; Hossaini, S.; Beckingham, I.J.; Brooks, A.; Cameron, I.C. Critical Review of the Prognostic Significance of Pathological Variables in Patients Undergoing Resection for Colorectal Liver Metastases. HPB 2014, 16, 836–844. [Google Scholar] [CrossRef]

	



Velazquez, E.F.; Ayala, G.; Liu, H.; Chaux, A.; Zanotti, M.; Torres, J.; Cho, S.I.; Barreto, J.E.; Soares, F.; Cubilla, A.L. Histologic Grade and Perineural Invasion Are More Important Than Tumor Thickness as Predictor of Nodal Metastasis in Penile Squamous Cell Carcinoma Invading 5 to 10 Mm. Am. J. Surg. Pathol. 2008, 32, 974–979. [Google Scholar] [CrossRef]

	



Kang, M.; Oh, J.J.; Lee, S.; Hong, S.K.; Lee, S.E.; Byun, S.-S. Perineural Invasion and Lymphovascular Invasion Are Associated with Increased Risk of Biochemical Recurrence in Patients Undergoing Radical Prostatectomy. Ann. Surg. Oncol. 2016, 23, 2699–2706. [Google Scholar] [CrossRef]

	



Nagarajan, P.; Piao, J.; Ning, J.; Noordenbos, L.E.; Curry, J.L.; Torres-Cabala, C.A.; Hafeez Diwan, A.; Ivan, D.; Aung, P.P.; Ross, M.I.; et al. Prognostic Model for Patient Survival in Primary Anorectal Mucosal Melanoma: Stage at Presentation Determines Relevance of Histopathologic Features. Mod. Pathol. 2020, 33, 496–513. [Google Scholar] [CrossRef]

	



Nagarajan, P.; Curry, J.L.; Ning, J.; Piao, J.; Torres-Cabala, C.A.; Aung, P.P.; Ivan, D.; Ross, M.I.; Levenback, C.F.; Frumovitz, M.; et al. Tumor Thickness and Mitotic Rate Robustly Predict Melanoma-Specific Survival in Patients with Primary Vulvar Melanoma: A Retrospective Review of 100 Cases. Clin. Cancer Res. 2017, 23, 2093–2104. [Google Scholar] [CrossRef]

	



Baer, S.C.; Schultz, D.; Synnestvedt, M.; Elder, D.E. Desmoplasia and Neurotropism. Prognostic Variables in Patients with Stage I Melanoma. Cancer 1995, 76, 2242–2247. [Google Scholar] [CrossRef]

	



Stafford, N.D. Head and Neck Cancer: A Multidisciplinary Approach; Harrison, L.B., Sessions, R.B., Hong, W.K., Eds.; Lippincott Williams and Wilkins: Philadelphia, PA, USA, 1999; ISBN 0-397-51777-7. [Google Scholar]

	



Ali, S. A Predictive Nomogram for Recurrence of Carcinoma of the Major Salivary GlandsNomogram for Salivary Gland Carcinoma Recurrence. JAMAOtolaryngol.–Head Neck Surg. 2013, 139, 698–705. [Google Scholar]

	



García, M.P.P.; Pérez García, M.P.; Mateu Puchades, A.; Sanmartín Jiménez, O. Perineural Invasion in Cutaneous Squamous Cell Carcinoma. Actas Dermo-Sifiliográficas (Engl.Ed.) 2019, 110, 426–433. [Google Scholar] [CrossRef]

	



Schuknecht, B. Patterns of Perineural Skull Base Tumor Extension from Extracranial Tumors. Neuroimaging Clin. N. Am. 2021, 31, 473–483. [Google Scholar] [CrossRef]

	



Medvedev, O.; Hedesiu, M.; Ciurea, A.; Lenghel, M.; Rotar, H.; Dinu, C.; Roman, R.; Termure, D.; Csutak, C. Perineural Spread in Head and Neck Malignancies: Imaging Findings—An Updated Literature Review. Bosn. J. Basic Med. Sci. 2021, 22, 22–38. [Google Scholar] [CrossRef]

	



Schachtel, M.J.C.; Gandhi, M.; Bowman, J.J.; Porceddu, S.V.; Panizza, B.J. Facial Nerve Perineural Spread from Cutaneous Squamous Cell Carcinoma of the Head and Neck: A Single Institution Analysis of Epidemiology, Treatment, Survival Outcomes, and Prognostic Factors. Head Neck 2022, 44, 1223–1236. [Google Scholar] [CrossRef]

	



Miller, M.E.; Palla, B.; Chen, Q.; Elashoff, D.A.; Abemayor, E.; St. John, M.A.; Lai, C.K. A Novel Classification System for Perineural Invasion in Noncutaneous Head and Neck Squamous Cell Carcinoma: Histologic Subcategories and Patient Outcomes. Am. J. Otolaryngol. 2012, 33, 212–215. [Google Scholar] [CrossRef]

	



Carter, J.B.; Johnson, M.M.; Chua, T.L.; Karia, P.S.; Schmults, C.D. Outcomes of Primary Cutaneous Squamous Cell Carcinoma With Perineural Invasion. JAMA Dermatol. 2013, 149, 35. [Google Scholar] [CrossRef]

	



Karia, P.S.; Jambusaria-Pahlajani, A.; Harrington, D.P.; Murphy, G.F.; Qureshi, A.A.; Schmults, C.D. Evaluation of American Joint Committee on Cancer, International Union Against Cancer, and Brigham and Women’s Hospital Tumor Staging for Cutaneous Squamous Cell Carcinoma. J. Clin. Oncol. 2014, 32, 327–334. [Google Scholar] [CrossRef]

	



Califano, J.A.; Lydiatt, W.M.; Nehal, K.S.; O’Sullivan, B.; Schmults, C.; Seethala, R.R.; Weber, R.S.; Shah, J.P. Cutaneous Carcinoma of the Head and Neck. In AJCC Cancer Staging Manual; Baishideng Publishing Group: Pleasanton, CA, USA, 2017; pp. 171–181. [Google Scholar]

	



Amin, M.B.; Greene, F.L.; Edge, S.B.; Compton, C.C.; Gershenwald, J.E.; Brookland, R.K.; Meyer, L.; Gress, D.M.; Byrd, D.R.; Winchester, D.P. The Eighth Edition AJCC Cancer Staging Manual: Continuing to Build a Bridge from a Population-Based to a More “personalized” Approach to Cancer Staging. CA Cancer J. Clin. 2017, 67, 93–99. [Google Scholar] [CrossRef]

	



Schmitd, L.B.; Perez-Pacheco, C.; D’Silva, N.J. Nerve Density in Cancer: Less Is Better. FASEB BioAdv. 2021, 3, 773–786. [Google Scholar] [CrossRef]

	



Wang, H.; Zheng, Q.; Lu, Z.; Wang, L.; Ding, L.; Xia, L.; Zhang, H.; Wang, M.; Chen, Y.; Li, G. Role of the Nervous System in Cancers: A Review. Cell Death Discov. 2021, 7, 76. [Google Scholar] [CrossRef]

	



Saloman, J.L.; Albers, K.M.; Rhim, A.D.; Davis, B.M. Can Stopping Nerves, Stop Cancer? Trends Neurosci. 2016, 39, 880–889. [Google Scholar] [CrossRef]

	



Liebig, C.; Ayala, G.; Wilks, J.; Verstovsek, G.; Liu, H.; Agarwal, N.; Berger, D.H.; Albo, D. Perineural Invasion Is an Independent Predictor of Outcome in Colorectal Cancer. J. Clin. Oncol. 2009, 27, 5131–5137. [Google Scholar] [CrossRef]

	



Chakroborty, D.; Sarkar, C.; Basu, B.; Dasgupta, P.S.; Basu, S. Catecholamines Regulate Tumor Angiogenesis. Cancer Res. 2009, 69, 3727–3730. [Google Scholar] [CrossRef]

	



Fiszman, G.L.; Middonno, M.C.; de la Torre, E.; Farina, M.; Español, A.J.; Sales, M.E. Activation of Muscarinic Cholinergic Receptors Induces MCF-7 Cells Proliferation and Angiogenesis by Stimulating Nitric Oxide Synthase Activity. Cancer Biol. Ther. 2007, 6, 1106–1113. [Google Scholar] [CrossRef]

	



Romon, R.; Adriaenssens, E.; Lagadec, C.; Germain, E.; Hondermarck, H.; Le Bourhis, X. Nerve Growth Factor Promotes Breast Cancer Angiogenesis by Activating Multiple Pathways. Mol. Cancer 2010, 9, 157. [Google Scholar] [CrossRef]

	



Lin, C.-Y.; Hung, S.-Y.; Chen, H.-T.; Tsou, H.-K.; Fong, Y.-C.; Wang, S.-W.; Tang, C.-H. Brain-Derived Neurotrophic Factor Increases Vascular Endothelial Growth Factor Expression and Enhances Angiogenesis in Human Chondrosarcoma Cells. Biochem. Pharmacol. 2014, 91, 522–533. [Google Scholar] [CrossRef]

	



Eichmann, A.; Brunet, I. Arterial Innervation in Development and Disease. Sci. Transl. Med. 2014, 6, 252ps9. [Google Scholar] [CrossRef]

	



Rosas-Ballina, M.; Olofsson, P.S.; Ochani, M.; Valdés-Ferrer, S.I.; Levine, Y.A.; Reardon, C.; Tusche, M.W.; Pavlov, V.A.; Andersson, U.; Chavan, S.; et al. Acetylcholine-Synthesizing T Cells Relay Neural Signals in a Vagus Nerve Circuit. Science 2011, 334, 98–101. [Google Scholar] [CrossRef]

	



Friedman, J.R.; Richbart, S.D.; Merritt, J.C.; Brown, K.C.; Nolan, N.A.; Akers, A.T.; Lau, J.K.; Robateau, Z.R.; Miles, S.L.; Dasgupta, P. Acetylcholine Signaling System in Progression of Lung Cancers. Pharmacol. Ther. 2019, 194, 222–254. [Google Scholar] [CrossRef]

	



Hristova, V.A.; Chan, D.W. Cancer Biomarker Discovery and Translation: Proteomics and beyond. Expert Rev. Proteom. 2019, 16, 93–103. [Google Scholar] [CrossRef]

	



Aquino-Nunez, W.; Mielko, Z.E.; Dunn, T.; Santorella, E.M.; Hosea, C.; Leitner, L.; McCalla, D.; Simms, C.; Verola, W.M.; Vijaykumar, S.; et al. Cnd-1/NeuroD1 Functions with the Homeobox Gene Ceh-5/Vax2 and Hox Gene Ceh-13/labial To Specify Aspects of RME and DD Neuron Fate in Caenorhabditis Elegans. G3 2020, 10, 3071–3085. [Google Scholar] [CrossRef]

	



Huang, P.; Kishida, S.; Cao, D.; Murakami-Tonami, Y.; Mu, P.; Nakaguro, M.; Koide, N.; Takeuchi, I.; Onishi, A.; Kadomatsu, K. The Neuronal Differentiation Factor NeuroD1 Downregulates the Neuronal Repellent Factor Slit2 Expression and Promotes Cell Motility and Tumor Formation of Neuroblastoma. Cancer Res. 2011, 71, 2938–2948. [Google Scholar] [CrossRef]

	



Kersigo, J.; Gu, L.; Xu, L.; Pan, N.; Vijayakuma, S.; Jones, T.; Shibata, S.B.; Fritzsch, B.; Hansen, M.R. Effects of Neurod1 Expression on Mouse and Human Schwannoma Cells. Laryngoscope 2021, 131, E259–E270. [Google Scholar] [CrossRef]

	



Person, F.; Wilczak, W.; Hube-Magg, C.; Burdelski, C.; Möller-Koop, C.; Simon, R.; Noriega, M.; Sauter, G.; Steurer, S.; Burdak-Rothkamm, S.; et al. Prevalence of βIII-Tubulin (TUBB3) Expression in Human Normal Tissues and Cancers. Tumour Biol. 2017, 39, 1010428317712166. [Google Scholar] [CrossRef] [PubMed]

	



Katsetos, C.D.; Herman, M.M.; Mörk, S.J. Class III Beta-Tubulin in Human Development and Cancer. Cell Motil. Cytoskeleton 2003, 55, 77–96. [Google Scholar] [CrossRef] [PubMed]

	



Nemunaitis, J. Stathmin 1: A Protein with Many Tasks. New Biomarker and Potential Target in Cancer. Expert Opin. Ther. Targets 2012, 16, 631–634. [Google Scholar] [CrossRef]

	



Fife, C.M.; Sagnella, S.M.; Teo, W.S.; Po’uha, S.T.; Byrne, F.L.; Yeap, Y.Y.C.; Ng, D.C.H.; Davis, T.P.; McCarroll, J.A.; Kavallaris, M. Stathmin Mediates Neuroblastoma Metastasis in a Tubulin-Independent Manner via RhoA/ROCK Signaling and Enhanced Transendothelial Migration. Oncogene 2017, 36, 501–511. [Google Scholar] [CrossRef]

	



Buddle, M.; Eberhardt, E.; Ciminello, L.H.; Levin, T.; Wing, R.; DiPasquale, K.; Raley-Susman, K.M. Microtubule-Associated Protein 2 (MAP2) Associates with the NMDA Receptor and Is Spatially Redistributed within Rat Hippocampal Neurons after Oxygen-Glucose Deprivation. Brain Res. 2003, 978, 38–50. [Google Scholar] [CrossRef]

	



Liu, Y.; Sturgis, C.D.; Grzybicki, D.M.; Jasnosz, K.M.; Olson, P.R.; Tong, M.; Dabbs, D.D.; Raab, S.S.; Silverman, J.F. Microtubule-Associated Protein-2: A New Sensitive and Specific Marker for Pulmonary Carcinoid Tumor and Small Cell Carcinoma. Mod. Pathol. 2001, 14, 880–885. [Google Scholar] [CrossRef]

	



Molenaar, W.M.; Baker, D.L.; Pleasure, D.; Lee, V.M.; Trojanowski, J.Q. The Neuroendocrine and Neural Profiles of Neuroblastomas, Ganglioneuroblastomas, and Ganglioneuromas. Am. J. Pathol. 1990, 136, 375–382. [Google Scholar]

	



Krishnan, C.; Higgins, J.P.; West, R.B.; Natkunam, Y.; Heerema-McKenney, A.; Arber, D.A. Microtubule-Associated Protein-2 Is a Sensitive Marker of Primary and Metastatic Neuroblastoma. Am. J. Surg. Pathol. 2009, 33, 1695–1704. [Google Scholar] [CrossRef]

	



Miettinen, M.; Rapola, J. Synaptophysin--an Immuno-Histochemical Marker for Childhood Neuroblastoma. Acta Pathol. Microbiol. Immunol. Scand. A 1987, 95, 167–170. [Google Scholar] [CrossRef]

	



Magnon, C.; Hall, S.J.; Lin, J.; Xue, X.; Gerber, L.; Freedland, S.J.; Frenette, P.S. Autonomic Nerve Development Contributes to Prostate Cancer Progression. Science 2013, 341, 1236361. [Google Scholar]

	



Ayala, G.E.; Dai, H.; Powell, M.; Li, R.; Ding, Y.; Wheeler, T.M.; Shine, D.; Kadmon, D.; Thompson, T.; Miles, B.J.; et al. Cancer-Related Axonogenesis and Neurogenesis in Prostate Cancer. Clin. Cancer Res. 2008, 14, 7593–7603. [Google Scholar] [CrossRef] [PubMed]

	



Rowe, C.W.; Dill, T.; Griffin, N.; Jobling, P.; Faulkner, S.; Paul, J.W.; King, S.; Smith, R.; Hondermarck, H. Innervation of Papillary Thyroid Cancer and Its Association with Extra-Thyroidal Invasion. Sci. Rep. 2020, 10, 1539. [Google Scholar] [CrossRef]

	



Zhao, Q.; Yang, Y.; Liang, X.; Du, G.; Liu, L.; Lu, L.; Dong, J.; Han, H.; Zhang, G. The Clinicopathological Significance of Neurogenesis in Breast Cancer. BMC Cancer 2014, 14, 484. [Google Scholar]

	



Farschtschi, S.C.; Kluwe, L.; Schön, G.; Friedrich, R.E.; Matschke, J.; Glatzel, M.; Weis, J.; Hagel, C.; Mautner, V.-F. Distinctive Low Epidermal Nerve Fiber Density in Schwannomatosis Patients Provides a Major Parameter for Diagnosis and Differential Diagnosis. Brain Pathol. 2020, 30, 386–391. [Google Scholar] [CrossRef]

	



Tagliafico, A.; Tagliafico, G.; Martinoli, C. Nerve Density: A New Parameter to Evaluate Peripheral Nerve Pathology on Ultrasound. Preliminary Study. Ultrasound Med. Biol. 2010, 36, 1588–1593. [Google Scholar] [CrossRef]

	



Melo, Z.; Castillo, X.; Moreno-Carranza, B.; Ledesma-Colunga, M.G.; Arnold, E.; López-Casillas, F.; Ruíz-Herrera, X.; Clapp, C.; Martínez de la Escalera, G. Vasoinhibin Suppresses Nerve Growth Factor-Induced Differentiation and Survival of PC12 Pheochromocytoma Cells. Neuroendocrinology 2019, 109, 152–164. [Google Scholar] [CrossRef]








[image: Cancers 14 04817 g001 550] 





Figure 1. Neurovascular bundle. Several nerve fibers of varying sizes, each surrounded by a thin layer of perineurium (arrows) in association with blood vessels ensheathed in epineurium (asterisk) within fibroadipose tissue (hematoxylin and eosin, 200×). 
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Figure 2. Expression of (A). Beta III tubulin (TUBB3) and neurofilament-heavy (NF-H) in a subcutaneous nerve, counterstained with DAPI (immunofluorescence, 400×); (B). Neurofilament-light (NF-L) in nerve fibers within tongue musculature, counterstained with hematoxylin (immunohistochemistry, 200×). 
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Figure 3. S100 protein expression in nerves located within superficial facial muscles, counterstained with hematoxylin (immunohistochemistry, 200×). 
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Figure 4. Multifocal perineurial invasion, involving small (arrows, 0.03 mm) and medium (asterisks, 0.12 mm) caliber nerve fibers in cutaneous squamous cell carcinoma of the right temple (hematoxylin and eosin, 100×). 






Figure 4. Multifocal perineurial invasion, involving small (arrows, 0.03 mm) and medium (asterisks, 0.12 mm) caliber nerve fibers in cutaneous squamous cell carcinoma of the right temple (hematoxylin and eosin, 100×).
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Figure 5. Determination of nerve density. (A). Whole-slide image of representative section of squamous cell carcinoma metastatic to parotid gland, scanned at 20× magnification. The areas of tumor (yellow line) excluding anucleate keratinous material (asterisks) and uninvolved tissue (red line), are designated on the scanned image. The nerve profiles are indicated by green arrows and foci of perineurial invasion by turquoise rectangles. (B). Enlarged area corresponding to green rectangle in (A), with tumor-normal interface showing intratumoral and extratumoral nerves. (C). Enlarged area corresponding to green-dashed rectangle in (B), showing an intratumoral nerve uninvolved by tumor. (D). Enlarged area corresponding to black rectangle in (A), with tumor-normal interface showing mostly extratumoral nerves. (E). Enlarged area corresponding to black-dashed rectangle in (D), showing perineurial invasion. Nerve density is determined per square millimeter by dividing the number of nerve profiles by the respective area of the tumor and normal tissue. 
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