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Prognostic and predictive markers for perineural and bone invasion of oral 
squamous cell carcinoma

Jaroslav Michaleka, Svetlana Brychtovaa, Richard Pinkb, Zdenek Dvorakc

Oral squamous cell carcinoma (OSCC) is a growing problem worldwide. Several biological and molecular criteria have 
been established for making a prognosis of OSCC. One of the most important factors affecting the risk of tumor recur-
rence and overall prognosis is perineural invasion and bone invasion. Perineural invasion is defined as a tumor spread-
ing and the ability of tumor cells to penetrate around or through the nerve tissue. Perineural invasion can cause the 
tumor to spread to distant areas from the primary tumor location. One possible explanation for this is the formation of 
microenvironment in the perineural space which may contain cellular factors that act on both nerve tissue and some 
types of tumor tissues. Bone invasion by OSCC has major implications for tumor staging, choice of treatment, outcome 
and quality of life. Oral SCCs invade the mandibular or maxillary bone through an erosive, infiltrative or mixed pattern 
that correlates with clinical behavior. Bone resorption by osteoclasts is an important step in the process of bone inva-
sion by oral SCCs. Some cytokines (e.g. TNFα and PTHrP) lead to receptor activator of NF-κB ligand (RANKL) expression 
or osteoprotegerin (OPG) suppression in oral SCC cells and in cancer stromal cells to induce osteoclastogenesis. Oral 
SCCs provide a suitable microenvironment for osteoclastogenesis to regulate the balance of RANKL and OPG. A more 
molecular-based clinical staging and tailor-made therapy would benefit patients with bone invasion by OSCC.
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INTRODUCTION

Squamous cell carcinoma of the head and neck (SCC) 
originates from the mucosal lining of the upper aerodiges-
tive tract, thus including cancers of the oral cavity, phar-
ynx, and larynx. According to recent estimates, more than 
650,000 new cases are diagnosed and over 350,000 cancer 
deaths reported every year worldwide1. Despite support-
ing health education and improving awareness among the 
general public and primary care practitioners, the major-
ity of patients are  still diagnosed in advanced stages of 
disease (stages III and IV). Such cases usually require 
a multimodality approach, albeit most of them, unfortu-
nately, develop recurrences or distant metastases, eventu-
ally succumbing to their disease2. The etiology of SCC is 
typically linked to tobacco and alcohol abuse. However, 
emerging evidence has revealed an increasing proportion 
of oropharyngeal carcinomas caused by human-papillo-
mavirus (HPV) infection. As a result, two biologically 
distinct types of SCC (HPV-positive and HPV-negative) 
can be distinguished. In the United States, HPV-positive 
oropharyngeal cancer is the fastest rising malignant dis-
ease in young white men3. This alarming trend is expected 
to be evident  in other economically developed countries.

In the Czech Republic, the incidence and mortality 
for oral cavity and pharynx cancers in 2016 was 1 654 
and 756, respectively. Almost half of the newly diagnosed 
cases were classified as stage IV disease. In men, exclud-
ing non-melanoma skin cancers, SCC of the oral cavity, 
pharynx, and larynx was the sixth most frequent neoplasm 
in terms of incidence and the fifth leading cause of cancer 
deaths. Interestingly, these tumors are far less common in 
women and the gender-specific differences have not been 
successfully explained yet4.

PROGNOSTIC FACTORS OF ORAL SQUAMOUS 
CELL CARCINOMA (OSCC) 

Several biological and molecular criteria have been 
established for the determination of histopathological 
staging of SCC, which play a key role in the post-surgery 
treatment and estimation of prognosis of carcinoma 
of oral cavity and oropharynx5. Prognosis in oral SCC 
depends on the localization and volume of tumor, his-
topathological grading, histological type of squamous 
cell carcinoma, positivity of surgical edges, occurrence 
of regional and distant metastasis and the other signs of 
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aggressive and malignant behavior (perineural invasion, 
endovascular invasion, bone invasion).

PERINEURAL INVASION 

Perineural invasion (PNI) is defined as tumor spread-
ing and the ability of tumor cells to penetrate into, around 
or through the nerve tissue (Fig. 1) (ref.6). This process 
has been well described in colorectal carcinoma and sali-
vary gland malignancies but  not studied in detail in squa-
mous cell carcinoma7,8. A possible cause of the perineural 
proliferation is  based on the chemotropism of tumor cells 
that can be stimulated by nerve tissue to undergo further 
growth. However, this process can function the other way 
around, with the tumor inducing the growth of the nerve 
tissue. The increase of tumorous invasion into the tissue 
causes the tumor spreading into distant areas from the 
primary tumor location. In the past, it was proposed that 
the mechanical invasion of tumorous tissue occurs due 
to the relatively thin epineurium tissue9. This theory was 
however rejected after the improvement of microscopic 
techniques, which revealed that the tumorous cells did not 
grow passively around the nerves, but penetrated through 
the perineurium up to a close proximity of Schwann cells 
and axons in the endoneurium10. Interestingly, some less 
aggressive tumors develop this nerve-tumor complex at 
relatively early stages while other, more aggressive tumors 
cause perineural invasion only at an advanced stage11. 
One possible explanation is the formation of microen-
vironment in the perineural space, which may contain 
certain cellular factors that act not only on nerve tissue 
but also on some types of tumorous tissues. Using cDNA 
microarray on adenoid cystic carcinoma samples with and 
without perineural invasion, a deregulation of genes con-
trolling cell cycle, cytoskeleton and extracellular matrix 
has been described. The extracellular matrix contained 
increased amounts of neurotrophic factors and adhesive 
molecules, which promoted tumor spreading on the basis 
of chemotaxis. Liebig proposed to define the perineural 
invasion as a tumor invasion in the proximity of a nerve 
comprising 1/3 of the nerve circuit and/or showing the 
presence of tumorous cells in any of the three nerve lay-
ers12. Unfortunately, this classification cannot distinguish 
between perineural proliferation without infiltration of 
the nerve fascicle and intraneural propagation or penetra-
tion of the cells directly into the nerve, which may have a 
direct clinical impact and affect the patient’s prognosis. 
This fact also illustrates the importance of a detailed re-
search of this process for patient therapy as distinguishing 
between these two processes can serve as an important 
indicator of the tumor aggressiveness, thus giving an in-
formation affecting survival and/or likelihood of the local 
recurrence of the tumor. In clinical studies, the presence 
of perineural invasion normally ranges from 2 to 30% but 
a rate as high as 82% was also reported, depending on the 
type of tumor and used detection methods13-16. A peri-
neural invasion of the squamous cell carcinoma has been 
demonstrated but not explored in detail. In clinical trials 
investigating squamous cell carcinoma in the orofacial 

area, this invasion can be a significant independent factor 
that increases local recurrence of the tumor, metastases 
and median patient survival17-19. In the orofacial area, it 
has been shown that the presence of perineural invasion 
can, for example, cause intracranial spreading of lip carci-
noma along the facial or trigeminal nerve branch, thereby 
negatively affecting the patient prognosis20,21. However, the 
results of previous studies are not consistent; for example, 
Wallwork did not find a statistically significant correlation 
between perineural invasion and lymphogenic metastases 
of carcinomas in the oral cavity22, while other sources con-
firm this correlation statistically significant5,23,24. Another 
study revealed association between lymphonodal and peri-
neural invasion of T1-T2 carcinomas of the anterior part 
of the tongue25. And another study stated that the tumor 
thickness, "noncohesive invasion front", neural and bone 
invasion are powerful factors affecting the lymphonodal 
spreading of the tumor26. Theoretically, therefore, peri-
neural proliferation may be another important factor for 
clinical practice, particularly in younger patients, whose 
tumors are generally described as being more aggressive, 
although this is not fully confirmed in the literature. The 
interactions between tumor and neural cells is not only 
limited to cell migration and tumor growth from the pri-
mary location but such interaction can also stimulate 
axonogenesis or extend the nerves themselves together 
with increasing number of axons. This increase of neu-
rons can lead to an increase of tissue density surrounding 
the neural tissue. The process is important in embryonic 
development or in wound healing where it is physiologi-
cal27. In oncology, unfortunately, this process facilitates 
tumor progression, as demonstrated in adenoid cystic 
carcinoma, which was proved to release neural growth 
factors into surrounding tissues. This stimulated nervous 
tissue causes nerve elongation, which allows the tumor 
to spread further into the tissue28. A similar phenomenon 
has been demonstrated in the prostate tumor, where the 
nerve - tumor complex formed a microenvironment stimu-
lating both the nerve and the tumor to grow with each 
other29. Whether squamous cell carcinoma also affects 
neurogenesis in a similar way remains unclear18.

Fig. 1. Perineural spreading of oral squamous cell carcinoma 
(Hematoxylin and Eosin staining, 100x).
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BONE INVASION

Due to the intimate relationship of oral SCC to the 
jawbone and the relatively rapid growth, this tumor, es-
pecially gingival carcinoma, often invades bone tissue30. 
Carcinomas that grow through the cortical bone are clas-
sified by TNM as the pT4a pathological stage. Surface 
erosion of the bone itself is however not sufficient to clas-
sify the tumor as pT4 (ref.31). Recently, the maxillary/
mandibular invasion can be diagnosed by radiological 
methods without the need to perform a surgical inter-
vention. However, radiology can not reliably distinguish 
whether the tumor is causing invasive bone resorption or 
whether is only in contact with the bone without invasive 
bone progression. The radiological diagnosis by itself is 
therefore inadequate, especially in upper gingival cancer, 
and development of new diagnostic techniques is needed 
to allow an accurate assessment of the bone invasion ex-
tent32. Histologically, we recognize three types of bone 
invasion: erosive, infiltrative and mixed. The infiltrative 
form (Fig. 2) is characterized by a formation of irregular 
nests and projections of tumorous cells into the bone, 
their penetration into the Haversian system and the pres-
ence of residual bone islets inside the tumor. The ero-
sive form of bone invasion (Fig. 3) is, on the contrary, 
characterized by a sharp transition between the tumor 
and the bone, osteoclastic bone resorption, fibrosis along 
the tumor and absence of bone islets within the tumor. 
The mixed form combines both types of invasion in one 
tumor33,34. The histological character of bone invasion cor-
relates with the clinical behavior of the tumor – infiltrative 
lesions are more likely to show primary, regional or dis-
tant recurrence of the tumor. The invasion of squamous 
cell carcinoma into the bone is a histological parameter 
that determines the type and extent of oncology treatment 
(resection of the lower jaw) - the erosive form of bone 
invasion can be treated with marginal mandibulectomy 
rather than segmental resection35.

Activation of bone-resorbing osteoclasts seems to 
be the most important in bone invasion by OSCC, also 
referred to as osteoclastogenesis36-40. In a physiological 

situation bone-resorbing osteoclasts and bone-forming 
osteoblasts are balanced. Osteoclastogenesis can be acti-
vated in several ways, for example: the osteoclast activa-
tion controlled by RANK-RANKL-OPG pathway, VEGF 
or copper41-44. 

Molecular mechanisms of bone invasion by OSCC

RANK-RANKL-OPG pathway
Malignant cells produce a lot of enzymes (e.g. matrix 

metalloproteinases, cathepsins) that can destroy bone tis-
sue directly and enhance the migration of cancer cells 
into adjacent tissues. Moreover, these proteolytic enzymes 
act especially on osteoclast precursors to promote their 
differentiation and maturation45,46. Three proteins crucial 
for osteoclast development and activation are the tumor 
necrosis factor (TNF)-related proteins RANKL (recep-
tor activator for nuclear factor κB ligand; expressed in 
osteoblasts and bone marrow stromal cells), its receptor 
RANK (receptor activator of nuclear factor κB; expressed 
in osteoclast progenitors and mature osteoclasts), and its 
soluble decoy receptor OPG (osteoprotegerin; synthesized 
by osteoblasts and bone marrow stromal cells) (ref.37). 
Tada et al. showed that suppression of OPG induced by 
tumor may be critical in OSCC bone invasion. A low ex-
pression of OPG in osteoblasts and stromal cells in the le-
sion was seen in patients with OSCC with bone invasion. 
In non-affected bone of the same individuals the OPG 
expression was normal47. Cui et al. showed that carcino-
mas with the potential for bone invasion express factors 
that allow further maturation of osteoclast progenitors, 
e.g. IL-1α, IL-6, TNF-α and parathyroid hormone-related 
protein (PTHrP). They concluded that only tumor tissues 
with the ability to express sufficient osteoclast-related cy-
tokines promote the differentiation of pre-osteoclasts and 
osteoclasts to induce bone invasion48. Fibrous stroma is 
intervened between tumor and bone in the majority of 
cases of OSCC, with no direct contact between cancer 
cells and bone. IL-6 and PTHrP produced by OSCC cells 
and IL-6 produced by stromal cells induce fibroblasts/

Fig. 2. Infiltrative form of bone invasion by oral squamous cell 
carcinoma (Hematoxylin and Eosin staining, 40x).

Fig. 3. Erosive form of bone invasion by oral squamous cell 
carcinoma (Hematoxylin and Eosin staining, 40x).
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osteoblasts to synthesize RANKL and they subsequently 
induce osteoclast formation and thus bone invasion49,50. 
The resorption of bone releases growth factors, e.g. fi-
broblast growth factor (FGF) and transforming growth 
factor-β (TGF-β). Release of those osteoclast-related cy-
tokines stimulates tumor proliferation and leads to an up-
regulation of PTHrP, which results in a vicious circle of 
osteoclastogenesis and tumor progression40,47,48,51. TGF-β 
and epidermal growth factor (EGF) are potent effectors 
of epithelial-mesenchymal transition (EMT) - a crucial 
step in bone invasion by malignant epithelial cells. EMT 
causes cancer cells to become more migratory, leading to 
invasion into stroma, intravasation and dissemination52,53. 
In EMT, the expression of the major adhesion molecule 
of epithelial cells, E-cadherin, is suppressed by the expres-
sion of Snail, the transcriptional repressor of E-cadherin, 
and carcinoma cells comprising tumor nests lose contact 
and are cellularized. TGF-β induces EMT and treat-
ments with TGF-β not only suppress the expression of 
E-cadherin, but also induce that of mesenchymal markers. 
Furthermore, recent studies confirmed that cancer cells 
with the TGF-β signal induce matrix metalloproteinases 
and generate cancer stem cells and cancer-associated 
fibroblasts. Therefore, the detection of EMT or EMT 
markers, including a decrease in or the loss of E-cadherin 
expression or the induction of N-cadherin, Snail, and vi-
mentin expression in carcinoma cells, is expected to play 
a valuable role in prognostic predictions for patients with 
carcinomas54. EMT is also important in the progression of 
bone invasion by OSCC (ref.55). The loss of E-cadherin in 
tumour cells may be utilized by monocytes to differentiate 
into osteoclasts, thus further explaining the underlying 
mechanisms of bone invasion by OSCC, which may sup-
ply clues for future molecular biotherapies56.

VEGF
Vascular endothelial growth factor (VEGF) is a highly 

specific signaling protein for vascular endothelial cells 
that plays a critical role in tumor growth and invasion 
through angiogenesis, and may contribute to cell migra-
tion and activation of pre-osteoclasts, osteoclasts and 
some tumor cells. VEGF-Flt-1 signaling induces osteo-
clastogenesis in OSCC through two possible ways: 
1) VEGF produced from OSCC cells can directly stimu-

late the Flt-1 pathway in pre-osteoclasts to induce mi-
gration to future bone resorbing area and differentia-
tion into osteoclasts.

2) VEGF-Flt-1 signaling upregulates RANKL expression 
in OSCC cells, which indirectly leads to osteoclast 
differentiation43.

COPPER and LYSYL OXIDASE
Copper has been demonstrated to play a key role in 

skeletal remodeling. However, the role of copper in can-
cer-associated bone destruction is unknown. Lysyl oxidase 
(LOX) is a copper-dependent enzyme that promotes os-
teoclastogenesis. Morisawa et al. investigated the effects 
of copper on OSCC with bone invasion by the copper 
chelator, ammonium tetrathiomolybdate (TM). It was 

demonstrated that TM blocks the proliferation of OSCC 
cells, inhibits LOX activation and decreases the expres-
sion of the receptor activator of nuclear factor-κB ligand 
(RANKL) in osteoblasts and osteocytes, subsequently 
suppressing bone destruction44.

DISCUSSION

Mortality rates and treatment -related morbidity of 
patients with OSCC are still exceedingly high, challenging 
the available methods of diagnostic and prognostic as-
sessment, and encouraging the search for new and better 
tools, namely molecular markers that relate comprehen-
sively to known characteristics of tumor progression and 
invasiveness57-59. The standard approach to the prognosis 
still relies on classical TNM staging, with metric factors 
such as tumor size and thickness, and number and size of 
possible lymphnode or distant metastases31,60. Bobdey et 
al. developed accurate and efficient nomogram to predict 
the probability of 3-year survival in T4 buccal mucosa 
cancer patients. The nomogram was built using tumor 
differentiation, pathological lymph node involvement, 
bone and perineural invasion. Intensification of adjuvant 
treatment in advanced cancer patients with poorer score 
might improve their survival61. Multiple factors are pos-
sibly involved in growth pattern, and probably no single 
marker can accurately predict tumor progression. Tumor 
progression is a multifactorial and multistep process, so 
multiple marker evaluation may logically be required to 
estimate bone invasiveness and perineural spreading. 
Another complexity is the possible intratumoral hetero-
geneity of the marker, for which multiple tumor sampling 
may be the key. Analysis of the tumor invasion front is 
gaining relevance because it might better reflect tumor-
host interactions, and consequently the aggressiveness 
and prognosis52,62,63. Perineural invasion is one of the sig-
nificant risk factors of regional relapse of OSCC, which 
is connected with low survival of patients. Intensity of 
perineural invasion correlates with tumor localization, 
its volume and presence of metastatic lymph nodes. 
However, up to now little attention was paid to perineu-
ral invasion markers in oral squamous cell carcinoma. 
Possible candidate markers include chemoatractans of 
primary neural origin such as nerve growth factor (NGF), 
brain-derived nerve growth factor (BDNF), neurotrophin 
3 (NT-3), neurotrophin 4/5 (NT4/5) or chemokines such 
as semaphorins or ephrins64-70.

Bone invasion is another important risk factor for tu-
mor recurrence and worse prognosis and therefore it is 
necessary to consider adjuvant therapy in patients with 
medullary bone invasion71. Type of bone invasion may be 
an independent prognostic parameter of the disease and 
can help to decide how radical the surgical and onco-
logical treatment should be. However, no single marker 
can precisely predict bone invasion in routine practice. 
Possible candidate markers for preoperative bone inva-
sion assessment might include markers that are related to 
the relationship of tumor epithelial cells to tumorous and 
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nontumorous mesenchyme (e.g. OPG, RANKL, PTHrP, 
TNF-α, IL-6, IL-11, TGF-beta, relaxin-2). 

The aim of future research is to improve diagnosis, 
which is nowadays based on clinical assessment and radio-
logical imaging. Through molecular-based clinical staging 
a patient-specific risk assessment for bone invasiveness by 
OSCC could be defined. Unfortunately, the widespread 
introduction of biological markers into daily clinical prac-
tice has been confusing and rather ineffective, hampering 
the completion of clinical studies to assess their real use-
fulness and thus facilitate their definitive implementation. 
In addition, the scattering of published data complicates 
translation into the clinical setting. Potential future re-
search can be realized by novel modern possibilities, for 
example by 3D printed tissue. Recent advances in three-
dimensional printing technology have led to a rapid ex-
pansion of its applications in tissue engineering. The 3D 
tissue engineered composite model closely simulates the 
native oral hard and soft tissues and has the potential to 
be used as a valuable in vitro model for the investigation 
of bone invasion of oral cancer and for the evaluation 
of novel diagnostic or therapeutic approaches to manage 
OSCC in the future72. 

The development of targeted approaches to OSCC 
analysis can contribute to the development of target 
therapy. The inhibition of osteoclast differentiation and 
function by blocking RANKL/RANK constitutes a po-
tentially approach to maintaining skeletal integrity and 
can prevent the development of bone invasion induced by 
oral SCC (ref.73). Blocking of the VEGF-Flt-1 signaling 
may help inhibit bone invasion of OSCC because VEGF 
produced from OSCC cells can directly stimulate the Flt-1 
pathway in pre-osteoclasts to induce migration to future 
bone resorbing area and differentiation into osteoclasts, 
and VEGF-Flt-1 signaling upregulates RANKL expres-
sion in OSCC cells, which indirectly leads to osteoclast 
differentiation43.  Copper is another potential target for 
the treatment of OSCC associated with bone destruction 
because copper can play a key role in skeletal remodeling. 
Ammonium tetrathiomolybdate, copper chelator, blocks 
the proliferation of OSCC cells, inhibits lysyl oxidase 
activation and decreases the expression of RANKL in 
osteoblasts and osteocytes, subsequently suppressing bone 
destruction44.

Search strategy and selection criteria 
Articles and studies were searched using the PubMed 

and Web of Science databases. Only English papers were 
reviewed. The search terms used included “oral squamous 
cell carcinoma”, “perineural invasion”, “bone invasion” 
and “oral squamous cell carcinoma prognostic factors”. 
Current epidemiologic cancer statistics were searched on 
the internet.

Author contributions: All authors contributed in writing 
the manuscript and read and approved the final manu-
script. 
Conflicts of interest statement: The authors state that 
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