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Abstract

Current risk stratification of individuals for the development of oral squamous cell carcinoma
(OSCC), including those with oral potentially malignant disorders (OPMD) remains based upon
clinical detection of visibly abnormal mucosa and tissue biopsy with histological assessment for
the presence of OSCC or oral epithelial dysplasia (OED). In OPMD, the presence of OED
remains the only prognostic tool used in standard care for the development of future OSCC,
despite its ample limitations. There is assured potential that the analysis of the genome,
transcripts and proteome can provide insight into what is occurring at a cellular level preceding
the appearance of clinically observable change. The landscape of the role of the genome and its
transcriptome on the development of OSCC and relationships with OPMDs is immense with
exploration occurring on several fronts. For clinicians involved in the diagnosis and care of
patients with OSCC and OPMD, understanding of commonly used molecular diagnostic
techniques is imperative to gain useful insight from the expanding literature investigating the
development of OSCC and the relationship with the clinical presentations which encompass
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OPMDs. Here we present an introduction to molecular diagnostic methods used in the study of
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OSCC and OPMD.
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Introduction

Stratifying individuals at risk of oral cancer, including those with oral potentially malignant
disorders (OPMD), remains challenging. Early detection saves lives and significant morbidity.
Presently, risk stratification remains based upon good clinical judgement for detection of visibly
abnormal mucosa, undertaking a biopsy of what is deemed the most appropriate tissue site, with
subsequent interpretation of the histological sample for the presence of oral squamous cell
carcinoma (OSCC) or oral epithelial dysplasia (OED).
The development of histopathology revolutionized the diagnosis of cancer and is now part of
global standard of care. In the modern era, molecular biology facilitates understanding of
pathological processes at the level beyond the human eye including the composition, structure
and interaction of molecules, such as DNA, RNA and proteins. Molecular diagnostics is the
employment of techniques used in molecular biology for the purpose of assessing disease risk,
presence and therapeutic efficacy. Understanding of the commonly used terminology and
molecular diagnostic techniques is required to gain insight from the expanding literature
investigating the development of OSCC and the relationship with the clinical presentations
which encompass OPMDs.
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Clinical change begins at the genome level
Understanding and interpreting molecular findings with relevance to oral cancer begins with
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appreciation of the immense complexity of cellular machinery and quality control mechanisms
which allow constantly renewing epithelial cells to maintain their integrity. OSCC, as with all
other cancer types, occurs when the rate of cellular division becomes uncontrolled, leading to
spread and continual growth of these cells into surrounding tissues, near and far. Clinically
observable change in oral mucosa of OPMDs and OSCC is a result of alteration in replication
and maturation of oral keratinocytes. This alteration in replication and differentiation is a result
of changes within cells, directed by processes beginning within the genome that ultimately lead
to changes in expression of translated proteins.
DNA contains the genetic material of the cell, housed within the nucleus, providing an archive of
“blueprints” that are transcribed into RNA. Some of this RNA is translated into protein, whereas
other types of RNA are involved in the complex symphony of protein production and cellular
regulation (Figure 1A). DNA is a double stranded ladder that consists of four types of paired
deoxynucleoside triphosphates or dNTPs: adenine with thymine and guanine with cytosine. The
transcribed DNA code includes sections referred to as intervening sequences, or introns, which
are spliced out with the mature messenger RNA (mRNA) consisting only of exons, ready to code
proteins (Figure 1B) 1.

Gene alterations

Gene alterations which may be associated with any disease, not just cancer, can be divided into
four categories. A single nucleotide variant (SNV) or point mutation is when a single nucleotide
is substituted. This may result in a different protein amino acid sequence (missense mutation) or
a premature truncation of the encoded protein (nonsense mutation). A single nucleotide
polymorphism (SNP) is a SNV which is shared amongst a defined population. Insertions or
deletions of one or a few consecutive nucleotides, can be “in-frame” resulting in the addition or
subtraction of amino acids in a protein, or “frameshift” which can affect the intron regulatory
signal or protein truncation. Changes in exon copy number by deletions or duplications can
impact the functional domains of the encoded protein. Finally, structural variants (SVs) are large
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structural anomalies of genetic material between locations on chromosomes or between multiple
chromosomes 2.
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The DNA content (DNA ploidy) of a cell gives a rough measurement of chromosomal instability
and DNA aberration. DNA aneuploidy refers to abnormal quantities of DNA in a nucleus.
Chromosomal instability often leads to imbalanced DNA content and the generation of neardiploid or aneuploid clones 3. Aneuploidy is observed in 14–45% of OPMDs

4

and has been

found in 33% of progressive OED compared to 11.3% of dysplastic lesions which did not
progress to malignancy 5. Loss of heterozygosity (LOH) is defined as a loss of genomic material
(from a few thousand nucleotides to a whole chromosome) in a pair of chromosomes.
Chemical changes to DNA or changes to DNA accessibility are known as epigenetic
modifications. Epigenetic modifications can result in the heritable silencing of genes without a
change in the sequence 6. Examples of processes which can initiate and sustain epigenetic change
include DNA methylation, RNA-associated silencing and histone modification 7. There can also
be alterations in the transcription of DNA to RNA and the translation of RNA into protein. It is
also now known that the majority of RNA does not code for protein but is rather involved in the
assembly and control of protein translation.
Other terminology is used in the discussion of gene studies. A locus refers to a specific location
of a gene on a chromosome (e.g. 9q31.3).

There are 23 different pairs of chromosomes.

Chromosomes have a long and short arm: “p” for petit refers to the short arm and “q” (queue or
tail) refers to the long arm. Subsequent numbers refer to the position on the arm: region, band,
sub-band, sub-sub-bands. The bands are numbered from 1 starting closest to the centromere. A
variant of a given locus is called an allele. Wild type refers to the typical phenotype of an allele
which occurs in nature, as opposed to a non-standard mutant allele.

The cell cycle

Oral epithelium, as a self-renewing tissue, is constantly undergoing active proliferation. Pro- and
anti- cell cycle progression proteins and their related genes are often of interest in the study of
oral cancer. Cells undergo division through a cycle with four phases: The S phase, during which
DNA is replicated, an M phase, during which the cell divides into two, and two gap phases, G1
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and G2, following M phase and S phase, respectively8. Cells can also be withdrawn from the cell
cycle, reversibly into a G0 phase, or irreversibly into terminal differentiation or senescence and
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eventual apoptosis (Figure 1A).
Progression through the cell cycle is driven by proteins aptly called cyclins and cyclin‐dependent
kinase (CDK) family of serine/threonine kinases 9. Transition through cell cycle phases is closely
monitored by sensor mechanisms or checkpoints, which are able to detect abnormal cell cycle
events and signal pathways leading to cell cycle arrest 10. Cell cycle inhibitors can block specific
cyclins and CDKs and fall into two classes: the INK4 proteins including p16 (INK4a) and the
Cip/Kip family, and can block specific cyclins and CDKs leading to cell cycle arrest 11. Another
well-known part of the cell cycle control machinery is the tumour suppressor protein p53.

The study of human samples
Molecular analysis techniques can be applied to fixed or frozen human tissue specimens, cell
culture products or biofluids. The techniques include in-situ analysis or extraction of material
from clinical samples for subsequent analysis.
Tissue collected from the patient for analysis for standard histopathological assessment
undergoes fixation in formalin and is subsequently embedded in paraffin. The embedded tissue is
then thinly sliced and mounted on a glass slide in preparation for light microscopy. The tissue
can then be submitted for a variety of commonly used stains, the most common being
hematoxylin and eosin 12. Techniques can also be employed to study specific molecules in these
tissues with the advantage that the molecules are in their normal topographical surroundings, also
known as “in-situ”. Proteins can be assessed using antibodies (immunohistochemistry) or nucleic
acids using nucleotide probes (in-situ hybridization).
Tissue as well as biofluids, such as blood or saliva, can also be analyzed for other molecular
components as preparation for cell-level studies, or following isolation or ‘extraction’ of targeted
molecules. Analyzing extracted material allows for more sensitive and specific techniques to be
employed as will be described later.
Selecting the target and technique for molecular analysis should consider the clinical question as
well as the sample type being utilized (Table 1). Techniques can be ‘low throughput’, which
This article is protected by copyright. All rights reserved

means that few targets in few samples can be analyzed at a time, or ‘high throughput’ which
means that high number of targets or a high number of samples can be analyzed at one time. The
concept of multiplexing refers to the analysis of several targets of interest in one sample at the
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same time or in parallel, utilizing techniques to identify the results of several targets. For
example various molecular “labels”, such as a fluorophores which emit light of different colours,
are used to indicate which target is being visualized.

Common techniques used in molecular diagnostics

Presented below are common techniques employed in molecular diagnostics of solid tissue
neoplasia including OSCC and OPMD.

Immunohistochemistry
Immunohistochemistry (IHC) analysis is a method for demonstrating the presence and location
of proteins in tissue sections. Sections of 3- to 4-μm thin fixed tissue are mounted on glass slides,
after which they undergo a process such as enzyme digestion by a protease to “unmask”
antigens. Protein targets can be labelled using a ‘direct’ method, where an antibody directed
against a desired target is conjugated to a molecule to facilitate detection. This for example could
be a fluorophore or an enzyme that reacts with a provided substrate to deposit a coloured
compound. Enzymes commonly used are horseradish peroxidase or calf intestine alkaline
phosphatase.

The ‘indirect’ method uses an unlabeled primary antibody to bind to the target molecule.
Labelled secondary antibodies that bind the primary antibody are then applied for detection
purposes. This is useful if labelled primary antibodies are not available and can give better
detection sensitivity 13. IHC can also be used with cytology specimens. Fluorescent probes can
also be utilized to visualize binding of target antibodies. Multiple coloured probes allow for
multiplexing where spatially-patterned visualization of several antigens can be observed 14.
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In-situ hybridization
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In-situ hybridization (ISH) is used to examine DNA or RNA in its topographical tissue location
or in cellular preparations 15, and utilizes a similar concept to immunohistochemistry. ISH uses
the formation of a hybrid molecule consisting of an endogenous single-stranded cellular RNA or
DNA and a complementary single-stranded RNA or DNA probe. ISH can be performed on fixed
or frozen tissue and hundreds of different hybridizations can be performed on the same tissue.
The tissue is treated with proteases, usually proteinase K, to allow access to the nucleic acid of
interest. A probe can be of variable length, but is typically 30-300 nucleic acid bases

16.

There

are two basic ways to visualize RNA and DNA target molecules in tissue sections using ISH:
fluorescence (FISH) and chromogenic (CISH) detection

17.

Target molecules in-situ can be

limited in number which has been a limitation of using ISH. Methods to overcome this challenge
are the use of amplification of the target DNA or RNA in the tissue preparation, known as in-situ
polymerase chain reaction (in-situ PCR) or amplification of the reporter signal, such as catalyzed
reporter deposition or branched DNA technology 18-20.

Gel electrophoresis and blotting
Gel electrophoresis is a technique which utilizes an electric current to push charged molecules,
such as proteins, DNA or RNA, through a gel for a set amount of time before comparison to a
reference guide. The electrophoresis separates fragments according to physical properties as they
move away from the negatively charged cathode in a process called fractionation. Smaller
fragments travel farther in the gel whereas larger pieces migrate a shorter distance 21.
Southern blotting was developed by Edwin Southern in 1975 and is used to study DNA 22. In this
method DNA fragments separated using electrophoresis are denatured whilst in the gel to
produce single stranded DNA that is then transferred to a membrane support, retaining the
pattern of separation. The blot is then incubated with radioactive or enzyme-bound labeled
complementary DNA or RNA probes followed by detection of the label on an x-ray film by
autoradiography or by chemiluminescence. A similar methodology for RNA is called Northern
blotting. Protein detection uses antibodies to locate targets and is called Western blotting
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23.

Blotting is commonly used in combination with other molecular techniques to confirm the
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presence of targets of interest.

Flow cytometry

Flow cytometry (FC) has several applications including cell counting, analysis of DNA content
(DNA ploidy), immuno-phenotyping and fluorescence-based cellular and particle studies. FC is
based upon analysis of single cells or particles as they file past an interrogation point where light
sourced from a laser is scattered according to the properties of the cell. The forward and side
light scatter or fluorescence emission is collected by perpendicular optic-sensors. When utilized
in fluorescence studies, the light emitted from the laser is at a wavelength which allows
visualization of the fluorophore-tagged target in the cell. FC can analyze more than 10,000 cells
or particles a second

24.

FC can now be employed utilizing target antibodies and nucleic acid

primers labelled with fluorescent probes to study the presence of DNA or RNA within cells. It
can be utilized in biofluids, cell suspensions, as well as fresh or FFPE tissue samples although
fixation artefacts may arise 25.

Mass spectrometry

Mass spectrometry (MS) utilizes the unique mass to ionic charge ratio of molecules to identify
them. For example, as each protein or peptide has a unique amino acid sequence, the mass to
ionic charge ratio produces a ‘signature’ which can be a reference. Software and databases exist
for reference of identified proteins.
The main components common to all mass spectrometers are an ion source, a mass analyzer, an
ion collection/detection system, a vacuum pump and computer for data receipt 26. The prepared
extracted sample is ionized or vaporized by an ion source. The ion source can come in different
forms, such as thermal, chemical, electron bombardment, electrospray ionization (ESI) or Matrix
assisted laser desorption/ionization (MALDI) 27. Examples of common mass analyzers include
ion trap, magnetic sector, quadrupole, time-of-flight (TOF), and Fourier transform‐ion cyclotron
resonance analyzers

28,29.

The ions within the set range of the spectrometer then hit a detection

plate, and the resultant electrical current is measured.
This article is protected by copyright. All rights reserved

MS has been used in the study of protein structure since the 1990s

30

and is now used in the

detection and identification of protein, DNA, RNA and epigenetic studies

31,32.

The output MS

data can be compared to databased protein signatures based on their amino acid sequences in
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silico. Tandem MS utilizes a second ion acceleration following the first before detection and can
be utilized to identify unknown proteins within a sample

33.

Proteins can be analyzed intact,

known as “top-down” proteomics, or from peptides released from proteins by proteolysis, called
the “bottom-up” or “shotgun” approach 34.

Polymerase chain reaction
Polymerase chain reaction (PCR) was introduced in 1983.
customized to amplify a specific genomic sequence.

PCR is a single tube reaction

PCR amplification can produce

approximately 100 billion copies of one molecule of DNA in a few hours 35. A specific target
sequence of genomic DNA or complementary DNA (cDNA) made from RNA, forms the
“template DNA”. The standard PCR reaction mixture consists of template DNA, a large excess
of specific oligonucleotide primer pairs, the four deoxynucleotide triphosphates (dNTPs),
reaction buffer, and thermostable DNA polymerase.

A DNA-dependent DNA polymerase,

usually from Thermus aquaticus (Taq) that can withstand heating to 95°C with optimal function
around 70°C is used 35. Sometimes, high-fidelity polymerases with proofreading ability, such as
those derived from the archaebacterium Pyrococcus furiosus, have error rates that are
approximately 10 times lower than Taq and are used for applications that mandate more stringent
DNA synthesis 36.

The PCR typically consists of 30-40 cycles involving 3 steps: Firstly, denaturing involves
heating to 95°C, to allow the DNA template to denature into single strands. Secondly, annealing
involves cooling the mixture to a temperature to allow oligonucleotide primer binding, followed
by binding of DNA polymerase to the 3’ end of the primers. Lastly, elongation raises the
temperature to around 70-72°C to allow the polymerase activity catalyzing complementary base
pairs to be added.

Traditional PCR detects reaction products at the last phase, thus it is so called “End-point PCR”,
can be used for determination of “presence vs absence” of the DNA target, whereas “real time”
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measures the fluorescent reporter molecules or signals at each cycle, thus allowing for
calculation of relative quantification from a point of reference (qPCR).
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Using real-time PCR, two different types of chemical strategies are used to generate a
fluorescent signal which is then measured. One is based on double stranded intercalating dye
(e.g. SYBR-Green) and the other on different dye-labelled probe-reporter molecule systems (i.e.,
exonuclease-based double-labelled dye oligo-deoxynucleotide molecular beacons). The reporter
molecule is assessed at each PCR cycle and collected into specialized software for analysis. The
earlier the cycle that the report molecule is detected, the more abundant the target is. Relative
abundance using qPCR compares the cycle at which a target molecule is detected with the
detection of a reference molecule.

Microarrays

Microarrays miniaturize thousands of assays on one small solid surface. Microarrays can be used
to analyze DNA, RNA or proteins which have been isolated or extracted from a tissue specimen.
There are different types of nucleic acid microarrays including printed double-stranded DNA and
oligonucleotide arrays, in situ-synthesized arrays, high-density bead arrays, electronic
microarrays, and suspension bead arrays

37.

Protein microarrays include analytical, functional

protein and reverse-phase protein microarrays 38. They share the concept of a chip, bead or solid
surface with thousands of variants of a particular polymer of interest 39. Each variant has a probe
or dot containing many copies of the same sequence.
The extracted test sample material is labelled with an identifying fluorophore. A control or
reference sample, labelled with a different fluorescent emission fluorophore, is used for
comparison. The test and control sample materials are then washed across the solid surface with
the opportunity to hybridize to specific spots on the glass slide containing a complementary
sequence

40.

The spots in the hybridized microarray are then excited by a laser of appropriate

wavelength to visualize the fluorescence. Where the dots bind their target, the fluorescence is
detected and imaged. The signal intensity of each probe indicates the relative quantity of the
target present 41. The digital image information is processed by specialized software to convert
the image of each spot to a numerical reading

42.

The resultant data is then interpreted
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statistically depending on the research question and data available, and may include clustering to
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classify data into groups of genes or samples with similar characteristics 40.

Sanger Sequencing

The concept of sequencing a genome lay in the desire to overcome the bias of pre-selecting
genes of interest, and to instead, discover the sequence of all genetic material present. The
Sanger method 43, or the chain-terminator method, was utilized by the Human Genome Project.
Automated Sanger sequencing is now considered the “first-generation” of DNA sequencing
technologies. Sanger sequencing reactions are still used routinely for sequencing small amounts
of DNA fragments. It remains the gold-standard for clinical cytogenetics due to the >99.99%
accuracy reported for most genes sequenced 44.
The original Sanger sequencing method takes place in four separate reactions, each containing a
small amount of one of the four modified versions of dNTP, called a dideoxynucleotides
(ddNTP) which lack a 3’ hydroxyl group and do not allow a subsequent base to be added by the
DNA polymerase. The four ddNTPs are called ddATP, ddCTP, ddGTP and ddTTP. The four
reactions also contain the four dNTPs (dATP, dCTP, dGTP and dTTP) for building DNA.
However, whenever a ddNTP instead of a dNTP is recruited, the replication is truncated at that
base. Thus, the result is various DNA fragments of different lengths ending with the same known
base 45. Subsequent gel electrophoresis of these fragments is used to measure the length of the
fragments, with one separate lane of gel for each of the four reactions, thus the sequence is
slowly recorded. This protocol was later modified to use fluorescently labelled ddNTPs, which
permits one reaction containing all four chain terminating bases, rather than four separate
reactions 41.

Next Generation Sequencing
Next generation sequencing (Next Gen Sequencing, NGS, high throughput sequencing, deep
sequencing, second generation sequencing, massively parallel sequencing) uses sequencing of
multiple DNA fragments, performed in parallel. The speed and data acquired in NGS is
exponentially greater compared to Sanger sequencing, accompanied by significantly reduced
This article is protected by copyright. All rights reserved

time and costs.

NGS can be utilized in coding and non-coding RNA studies by creating

complementary DNA strands to sample RNA. Like other methods, NGS is restricted by target
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abundance, dictating the “depth” to which a sample can be sequenced.
There are a number of different NGS platforms, yet each typically has a sample preparation or
“library preparation” step in which the DNA or complimentary DNA, that serves as the template,
is purified, amplified and fragmented, followed by physical isolation of DNA fragments by
attachment to solid surfaces or small beads 44. Clonal clusters of an original DNA fragment are
sequenced in miniaturized chemical reactions, and millions are spatially arranged so that
individual reactions are isolated from one another and can be distinctly detected by light and
captured digital imaging. For example, in the first commercial NGS platform, Roche 454, the
production of light occurred each time a base was incorporated and the amount of light measured
was proportional to the number of nucleotides added 46. The large amount of data generated from
NGS presents significant challenges in terms of storage and management, in addition to
bioinformatic analysis and interpretation 47.
NGS enables avoidance of the bias of pre-selected gene targets and can be utilized to sequence
the whole genome, the coding genome (whole-exome sequencing), or RNA abundance and
sequencing (RNA-Seq) but it can also be used to detect a well-established, clinically relevant
point mutation in addition to other targeted enquiries 48.

Conclusion

It is hoped that analysis of the genome, transcriptome and proteome will continually build insight
into what is occurring at a sub-cellular level preceding the appearance of clinically or
histopathologically observable change in OSCC and OPMD. Understanding the molecular
processes underpinning the development of OSCC is extremely relevant to clinicians who care
for patients in the field of oral mucosal disease. Molecular diagnostic techniques have strengths
and limitations. Some have potential to be developed into standard-of-care tests, whereas others
afford their most crucial insight through use of a translational study-based environment. The
expansion of knowledge afforded by molecular diagnostics continues to expand on several fronts
including prevention, early diagnosis and therapeutics. The integration of clinical examination,
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histopathology and molecular diagnostics will advance the ability to risk stratify individuals for
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the development of OSCC and move towards decreasing the impact of this devastating disease.

Figure Legend

Figure 1A. Oral squamous cell carcinoma is characterized by a loss of cell cycle control leading
to an escape from appropriate senescence and apoptosis leading and resultant disordered
epithelial growth spreading beyond the basal lamina. The alteration leading to the loss of cell
cycle control may take place anywhere from the genome to messenger RNA to the encoded
proteins. Major players in this process include microRNAs, effectors at the post-transcription
level. B. DNA is transcribed to RNA which is then processed. The introns, which may contain
transcription regulatory messages, are spliced, leaving a mature messenger RNA consisting of
exons only.

Table 1. Comparison of Molecular Diagnostic Techniques utilized in the study of OSCC and
OPMD.
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Table 1. Comparison of Molecular Diagnostic Techniques utilized in the study of OSCC and OPMD.

Technique

Sample

Target

Throughput

Type

Input

Known

Requires

material

Target

Subjective

required

Accuracy

Technical

Cost

Complexity

Assessment

Immunohistochemistry

In-situ

Protein

Low

-

Required

Yes

Medium

Low

$

In-Situ Hybridization

In-situ

RNA

Low

-

Required

Yes

Medium

Medium

$$

Low

Low

Required

Yes

Low

Medium

$

Low

Low

Required

No

High

Medium

$$

High

Medium

Partially

No

High

High

$$$

Electrophoresis

DNA

Extracted

& Blotting

PCR

Microarrays

DNA,
RNA,
Protein

Extracted

DNA,
RNA

Extracted

DNA,
RNA or
Protein
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Required

Sanger Sequencing

Extracted

DNA,

Low

High

No

No

High

High

$$$

High

High

No

No

High

High

$$$
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RNA

Next Generation
Sequencing

Extracted

DNA,
RNA
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