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Abstract

Cancer pain sends a message. It is frightening to the patient. It heralds progression or recurrence to 

the oncologist. It is a biologic readout of the cancer-nerve interaction for the scientist. Nerves have 

been considered bystanders within the cancer microenvironment. However, emerging information 

suggests that nerves are recruited and participate in the carcinogenic process. These newly formed 

fibers respond to mediators secreted by constituents of the cancer microenvironment. In this 

manner these nerves serve as bellwethers and sensors embedded within the cancer. When we 

rigorously assess patients’ cancer pain we gain insight into the action of cancer. An enhanced 

understanding of cancer pain offers biologic questions which if answered might not only provide 

relief from cancer pain but might also improve survival.

Introduction

The sensory nervous system enables each of us to acquire information about our external 

environment. However, this same system monitors the body’s internal environment and can 

alert us to pathologic processes including cancer. Activation of the sensory nervous system 

in the region of a cancer often results in the sensation of pain. Pain can herald the 

development of cancer and can provide information regarding cancer activity including 

metastasis. The character, duration and timing of a cancer patient’s pain is useful to 

physicians who treat cancer and to scientists who study the disease.

While cancer pain can be excruiating for patients and difficult to alleviate, this symptom is 

often the sole reason that patients seek treatment. Accordingly, cancer pain can lead to 

earlier diagnosis and improved outcome associated with early diagnosis and treatment. Pain 

is commonly viewed as an incidental consequence of cancer proliferation, tissue destruction 

and invasion. Now, however, we understand that the nervous system is integral to 

carcinogenesis; pain is an indicator of specific processes and physiological consequences 

related to the mechanisms that propel malignancy. Many cancers are highly innervated; 

some directly infiltrate and preferentially proliferate within nerves as well [1]. The 

molecular mechanisms driving dense innervation and perineural involvement are complex 

and only partially revealed in recent research. In this manuscript I will review emerging 
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perspectives on cancer pain and summarize our current understanding of the relationship 

between pain and carcinogenesis.

Pain is a Bellwether for Cancer

For some histological types of cancer, well-localized pain at the primary site is a common 

presenting symptom. For example, in patients with head and neck squamous cell carcinoma 

pain is the most common symptom. In a recent study of 812 organ transplant recipients who 

developed cancer as a result of immunosuppression, pain was the most common patient-

reported harbinger of squamous cell carcinoma invasion [2]. Benign or precancerous lesions 

are generally not painful but pain can signal a transformative process. Sensory afferent 

activation might herald carcinogenesis because it can occur early in the transformative 

process [10]. In a recently published preclinical model of pancreatic cancer, sensory afferent 

involvement was observed prior to the transformation to cancer [22]. For patients with head 

and neck squamous cell carcinoma, pain most commonly occurs at the primary site. 

However, head and neck cancer pain can be referred. A classic description of ear pain 

referred from head and neck cancer was described over a century ago by Wilfred Trotter 

[23].

Pain is notable even for cancers which are typically not thought to be painful at the primary 

site. Breast adenocarcinoma is often characterized as painful only after it metastasizes to 

bone [24]. When the rate of cancer pain in the breast is rigorously evaluated, however, the 

prevalence of pain in the breast is surprisingly high. Pain as measured by the Breast 

Symptoms Questionnaire and the Pain Qualities Assessment Scale was reported by 28.2% of 

the 398 breast cancer patients in a recent study [15]. Moreover, a review of older literature 

reveals that investigators previously documented pain in 13 to 45% of breast cancer patients 

across five studies [5]. The intensity and character of breast cancer pain is different than 

head and neck cancer pain in part because it does not appear to be function-related. The 

exact causes of differences in pain phenotype between head and neck squamous cell 

carcinoma and breast adenocarcinoma pain are unclear; however, the density or molecular 

features of the peripheral nervous system at the two primary sites or the disparate function 

associated with a specific anatomic site might greatly affect the severity of pain. Meticulous 

inquiry into the cancer and host factors contributing to cancer pain might provide a vantage 

point to understand carcinogenesis and the cancer-nerve interaction.

Pain Reveals Essential Steps in Carcinogenesis

Stimulation of peripheral afferent nociceptors contributes to cancer pain; however, the 

molecular mediators and the direct interaction by which malignant or resident cells modulate 

nociceptors is not precisely known. Investigation of the basic elements of the intercellular 

pathways has yielded a better understanding of this process [18]. It is generally accepted that 

cancers secrete algogenic mediators that subsequently sensitize or activate neurons in the 

cancer microenvironment. These algogens include proteases, endothelin-1 (ET-1), ATP, 

protons, neurotrophic factors, bradykinin and tumor necrosis factor [18]. Secreted products 

from cancer alone activate primary afferent neurons. Small-to-medium trigeminal neurons 

(approximately 40%) respond to oral squamous cell carcinoma supernatant when measured 

Schmidt Page 2

Pain. Author manuscript; available in PMC 2017 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with calcium imaging [25] or whole cell patch clamp recordings [29]. In vivo behavioral 

studies demonstrate that inoculated squamous cell carcinoma supernatant in a naïve mouse 

leads to mechanical allodynia [9].

Many of the algogenic mediators secreted by cancer have overlapping functions with cancer-

related processes (Table 1). For example, proteases activate protease activated receptor-2 on 

primary afferent nociceptor and proteases including collagenases and matrix 

metalloproteinases (MMPs) are critical for cancer invasion [9]. ET-1 activates the endothelin 

A receptor on primary afferent nocicetpors but also has vasoactive properties in the cancer 

microenvironment and contributes to angiogenesis [27]. Bradykinin also induces 

angiogenesis through the kinin B1 receptor [6–7]. Nerve growth factor (NGF) activates 

primary afferent nociceptors and leads to pain and also leads to neurogenesis and 

angiogenesis in the cancer microenvironment [13,26]. Activation of the primary afferent 

nociceptors by these algogens might contribute to carcinogenesis.

Neurons exhibit plasticity in response to secreted products of cancer cells. There is robust 

neurogenesis of sensory and sympathetic nerve fibers within the cancer microenvironment 

[12]. In addition, neurotrophins can originate from the cancer itself or from cancer-

associated fibroblasts. Antagonism of NGF can lead to a reversal in cancer pain and cancer 

growth [19]. This effect has now been demonstrated in a model of head and neck squamous 

cell carcinoma and in a bone cancer model [14,28]. Moreover, spinal cord neurochemical 

changes secondary to cancer have been well documented in preclinical cancer models [18]. 

In vitro approaches demonstrate that neuronal plasticity is observed when cancer cells (oral 

squamous cell carcinoma) are co-cultured with trigeminal neurons. Co-cultured trigeminal 

neurons that respond to ATP with a sustained current, as measured by whole cell patch 

recordings, exhibit an enhanced and prolonged response to ATP when no longer in co-

culture. Trigeminal neurons that respond with a transient current do not show a change. 

Anti-NGF treatment modulates P2X2 expression and blocks the effects seen in neurons 

responding with a sustained current [29]. These findings reveal interesting features of the 

cancer-neuron interaction: not all neurons respond to cancer cell supernatant, and neurons 

that do respond to supernatant demonstrate plasticity in response to cancer co-culture. This 

form of plasticity is also likely to occur in patients. However, such plasticity does not 

commonly lead to persistent pain because resection of the cancer almost always alleviates 

pain from head and neck squamous cell carcinoma in patients [8].

Pain Phenotype Variability Reflects Cancer Genomic Heterogeneity

There can be great variability in the cancer pain phenotype. Many histological types of 

cancer such as melanoma (even in the head and neck) are typically not painful at the primary 

site or at metastatic sites. For oral squamous cell carcinoma, pain is the most common 

presenting symptom; pain is also the most common symptom when the cancer recurs. Even 

the same histological types of cancer located in similar anatomic sites may present with 

different pain phenotypes as a result of other factors, such as etiology (or, more likely, 

unknown factors). Human papilloma virus (HPV) is an etiologic agent contributing to over 

half of oropharyngeal cancers. Oropharyngeal cancer that is HPV positive typically does not 

present with pain; however, HPV negative oropharyngeal cancer is generally painful [16]. 
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The point should be made that oral (as compared to oropharyngeal) squamous cell 

carcinomas are rarely infected with HPV (less than 5%) and tend to be associated with 

higher levels of pain.

Genomic analysis demonstrates that malignant cells often possess thousands of mutations. 

Oral cancers demonstrate vast genomic heterogeneity which is reflected in the widely 

disparate pain phenotypes observed in histologically similar tumors located in the same 

anatomic region [4,21]. Some patients with oral squamous cell carcinoma (a notoriously 

painful cancer) never experience pain from their disease. Adenoid cystic carcinoma is a rare 

salivary gland malignancy that affects major and minor salivary glands, including those in 

the oral cavity. Perineural invasion is a common pathologic feature in this disease. The pain 

associated with adenoid cystic carcinoma is typically vague and dull compared to the intense 

and well-localized pain of oral squamous cell carcinoma [3]. The genomic alterations which 

have been documented in these two distinct oral cancers are different, as are their clinical 

behavior and response to surgical and radiation treatment [17,20].

The Emerging Role of the Nervous System in Carcinogenesis

The nervous system responds to cancer and the processes of carcinogenesis. Emgerging data 

corroborate interplay between the nervous system and carcinogenesis. For example, 

sympathetic and parasympathetic nervous system activation is required for prostate 

carcinogenesis [11]. To confirm these results and to ascertain whether sympathetic signals 

locally delivered in the tumor microenvironment were requisite for carcinogenesis, the above 

authors surgically cut the nerves that carry selectively sympathetic fibers (hypogastric 

nerves) into the prostate gland prior to orthotopic injection of tumor cells. Tumors failed to 

grow under these conditions.

Similar results were found when the vagal nerve was severed to block development of 

gastric cancer [30]. Zhao et al. demonstrated that the vagal nerve (which conveys signals to 

the stomach through muscarinic receptors) contributes to the growth of gastric tumors; 

vagotomy (surgical interruption of the vagal nerve) prevents gastric cancer in mice and 

reduces recurrence of gastric tumors in patients. Moreover, the same result can be achieved 

in mice treated with drugs that inhibit vagal nerve signaling (Botox or anticholinergic 

drugs). This treatment method raises the prospect of a safer treatment for gastric cancer that 

also avoids irreversible side effects.

Summary

The complex interplay between pain and carcinogenesis in several different histological 

types of cancer is now readily apparent in the scientific literature. Many obstacles stymie our 

efforts to alleviate pain in cancer patients. In the near future we must develop more 

sophisticated clinical instruments to distinguish cancer pain phenotypes, employ molecular 

techniques to investigate the relavent pathways and create better preclinical cancer models to 

recapitulate the patient condition. We must also train investigators with backgrounds in 

cancer biology and neuroscience to formulate and address the biologic questions most 

relevant to understanding and treating cancer pain. Answers to these critical questions might 
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allow us to modulate the responsible pathways. A nuanced understanding of this system 

might also improve our ability to curb carcinogenesis.
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Table 1

Processes and mediators involved in carcinogenesis that likely lead to cancer pain

Carcinogenesis process Algogenic mediators involved with carcinogenesis

Cancer proliferation ATP, protons

Tissue invasion and metastasis proteases

Perineural invasion proteases

Angiogenesis ET-1, bradykinin, neurotrophins

Neurogenesis within cancer microenvironment neurotrophins
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