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Abstract
Oral squamous cell carcinoma (OSCC) represents a signiﬁcant percentage of new cancer cases worldwide, and is the
sixth most common cancer. In the United States, survival from OSCC has improved, but 25% of patients still succumb
to their disease at some point, despite optimal surgical therapy and adjuvant treatment. Environmental factors clearly
play a role in the development of premalignant disease and oral cancer. The conversion of normal mucosa into cancer
is accompanied by many different alterations in the deoxyribonucleic acid (DNA) makeup of these lesions. The detection of DNA changes, even in precancerous conditions, has led to the development of a multistage model of carcinogenesis. We will provide an overview of the genetic alterations thought to be involved in OSCC and their possible clinical
implications, including the development of screening techniques and therapeutic interventions.
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Introduction
SCC represents the sixth most common cancer worldwide and is eighth in the United States. The use of tobacco
and tobacco-related products, as well as alcohol, is the cause in up to 90% of cases. Other environmental exposures such as betel quid, mate, areca nut, and human papilloma virus have also been implicated as etiologic
factors. Thus, the worldwide incidence has remained relatively steady because of a lack of public health awareness of
health consequences, especially in developing countries where smoking is more prevalent.

O

The development of oral cancer is thought to occur in a stepwise fashion — lesions often begin as a leukoplakia, or a
white patch, potentially indicative of premalignant disease. The cellular characteristics are what deﬁne the risk of progression, and these lesions can demonstrate mild, moderate, or severe dysplasia, which then can evolve to a carcinoma
in situ, and ultimately to an invasive cancer. Screening and surveillance by trained dentists and physicians is imperative
because of the progressive nature of the disease and its location, especially in high risk individuals.
Treatment usually involves biopsy of any suspicious lesion, followed by surgical excision if necessary. Many of these
lesions can be detected and successfully treated in their early stages because of the ready access to tissue. Depending
on the thickness or size of the lesion, management of the regional cervical lymphatic basins may also be necessary.
Adjuvant radiation therapy or chemotherapy is utilized if aggressive features are noted, but surgery is considered the
mainstay for oral cavity cancers.
Research into the underlying mechanisms of oral cancer has progressed, and much is known about the DNA alterations
that accompany and drive this disease. As underlying mechanisms of carcinogenesis continue to be studied, we discover
increasing complexity in the interactions by which a normal
† Johns Hopkins Department of Otolaryngology-Head and
cell is transformed into a cancer cell. The general categories
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of cellular dysfunction involve either activation of oncogenes
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or disruption of tumor suppressor genes. It is important to
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note these genes have normal cellular functions, but it is only when they
are aberrantly turned on or off that
the potential for unregulated growth
occurs.
This review will discuss the fundamentals of cancer biology and touch
on some of the basic DNA changes
that are known to occur in OSCC. The
molecular techniques used to detect
such changes will be highlighted as
they have relevance in the possible
clinical applications that arise from
these discoveries, both from a diagnostic and therapeutic standpoint.

Figure 1: Mutations in tumor suppressor genes
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The basics: oncogenes and
tumor suppressor genes
The link between human genes and
Originator: National Cancer Institute
carcinogenesis is one that now apActive oncogene
Source: www.cancer.gov
pears intuitive, but just 30 years ago,
Both copies of a tumor suppressor gene must be lost or mutated for cancer to occur. A person
this was not the case. Investigators
who carries a germline mutation in a tumor suppressor gene has only one functional copy of the
stumbled upon the ﬁrst proto-ongene in all cells. For this person, loss or mutation of the second copy of the gene in any of these
cogene with the hypothesis that
cells can lead to cancer.
virally-mediated infections caused
cancer. Their study of the Rous sarcoma virus led to the
thyroid, lung, and colon. Single point mutations lead to
discovery that the virus did not code for a product that
constitutive activation of the K-ras gene, which can lead
led to carcinogenesis; but rather, it drove the promoter
to activation of the mitogen activating protein kinase
region of a normal avian gene (src) which led to the de(MAP-K) pathway. The MAP-K pathway regulates a host
velopment of cancer.1 Thus, a proto-oncogene referred
of cellular function including mitosis, cell survival, apopto a gene that had the potential to transform a cell into a
tosis, and differentiation.3
malignancy, and could exist in the host genome and have
a normal cellular function when undisturbed. This ﬁndTumor suppressor genes deﬁne a complementary set of
ing laid the groundwork for numerous studies looking
genes whose functions are to inhibit cell growth. Cells are
for the signature alterations in the human genome for
programmed to undergo apoptosis at some point during
different cancers initially associated with retroviruses.
their lifespan. When the genetic machinery involved in
However, with the knowledge that these proto-oncothis normal cellular event is abrogated, the cell has the
genes existed in their normal state within the human
potential to become immortal and escape the apoptotic
genome, investigators sought to ﬁnd whether there were
pathway. The classic tumor suppressor gene is p53,4 which
other non-viral alterations that could also lead to carciis the most common mutation across all human cancers.
nogenesis.
Other tumor suppressor genes may have a function less
clearly involved in promoting cell proliferation, with posThe ﬁeld of cancer biology thus expanded to include onsible roles such as DNA repair or cell adhesion. Mutations
cogenes, a class of genes whose normal function is somein these types of genes might lead to a cell being more
how linked to promoting growth and survival of the cell.
susceptible to mutagens or having a greater chance of heHowever, when mutations occur that lead to inappromatogenous or lymphatic metastasis because of weaker
priate expression of these genes, the normal cell cycle
cell-to-cell bonding (see Figure 1). Thus, the deﬁnition of
of division and apoptosis (programmed cell death) can
a tumor suppressor gene can be rather broad.
be disrupted, and the cell becomes immortal or gains a
growth advantage. The prototypical oncogene is K-ras,
The alterations of these oncogenes and tumor suppressor
which exerts its effects through a complex cascade of
genes have been detected by molecular assays focused on
signal transduction. This gene was also ﬁrst discovered
looking at the DNA sequence. Base pair deletions, inserthrough study of retroviruses,2 but has proved to be
tions, and translocations have all been identiﬁed in varimore applicable to human cancers including pancreas,
ous tumor models at different sites. There appears to be
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characteristic alterations involved
in different types of cancers, though
solid tumors rarely exhibit a homogenous pattern. We will now examine
many of the alterations noted in oral
cancer and why these targets may
be useful as a means of detection,
prognostic indication, and therapeutic intervention.
Knudson’s two-hit hypothesis
and loss of heterozygosity
In 1975, Knudson created a mathematical model that helped explain
why patients with retinoblastoma
were more prone to developing
subsequent malignancies.5 Coined
the “two-hit” hypothesis (see Figure
2), it describes the increased susceptibility in the development of
cancer in those patients who have
already inherited 1 defective copy
of the Rb tumor suppressor gene.
Keep in mind there are normally
2 alleles of each gene in humans.
Those patients with only 1 functional copy are more likely to acquire a mutation in the remaining
normal allele and develop cancer at
an early age.

Figure 2: Two-hit hypothesis

No cancer

Germline mutation
Somatic mutation

In 1971, Dr. Alfred Knudson proposed the two-hit hypothesis to explain the early onset at multiple
sites in the body of an inherited form of cancer called hereditary retinoblastoma. Inheriting one
germline copy of a damaged gene present in every cell in the body was not sufﬁcient to enable
this cancer to develop. A second hit (or loss) to the good copy in the gene pair could occur somatically, though, producing cancer. This hypothesis predicted that the chances for a germline
mutation carrier to get a second somatic mutation at any of the multiple sites in his/her body
cells was much greater than the chances for a noncarrier to get two hits in the same cell.Tumor
suppressors act recessive at the phenotypic level (both alleles must be mutated/lost for cancer
to develop), but the “ﬁrst hit” germline mutation at the genotypic level is actually inherited in an
autosomal dominant fashion.

Microsatellites and the OSCC progression model
Microsatellite repeats are scattered throughout the genome and represent tandem repeats of noncoding sequences. These can be well detected for sites on various
chromosomes and have been mapped to represent surrogate markers for particular sites, which could include
tumor suppressor genes. If LOH exists at a site where a
known tumor suppressor gene resides, then there is an
assumption that the patient is rendered more susceptible
IN

If first hit is a germline mutation,
second somatic mutation more
likely to enable cancer

Originator: National Cancer Institute
Source: www.cancer.gov

While the Rb gene has not been
implicated in OSCC, the principle that both alleles of a
tumor suppressor gene must be rendered nonfunctional
for cancer to develop has been utilized for molecular
detection purposes. Loss of heterozygosity (LOH) (see
Figure 3) deﬁnes a concept whereby the consistent detection of deletion of 1 allele in a cancer model raises the
possibility that the other allele is mutated or altered and
might identify a tumor suppressor gene locus. This phenomenon can be assessed by simple polymerase chain
reaction (PCR) techniques, and researchers can use LOH
as a means of deﬁning novel tumor suppressor genes,
or in determining what patterns of loss exist for various
tumor types.
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to the development of cancer, similar to Knudson’s two-hit
hypothesis.
This technique of microsatellite analysis for LOH was
performed by Califano and colleagues6 in oral lesions
ranging from benign hyperplasia to invasive cancer,
and they discovered there was a characteristic pattern
of loss that occurred even in early dysplasias. Thus, a
progression model for OSCC was created demonstrating
there were detectable DNA alterations in the early benign lesions, and cancer represented an accumulation of
these alterations.
This study was meaningful because it was the ﬁrst demonstration of a linear relationship between the early dysplasias and the frankly invasive carcinomas. Furthermore,
it opened the door to the possibility of detection of these
genetic alterations for diagnostic, prognostic, and even
therapeutic interventions.
Cytogenetics: karyotyping, comparative genomic
hybridization, ﬂuorescence based in-situ hybridization
One of the earliest and most common methods of analyzing
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Epigenetic events: promoter
hypermethylation
While oncogenes and tumor suppressor genes involve alterations
in the DNA sequence, there are
other mechanisms controlling the
expression of genes, known as
Normal
Mutant
epigenetic changes. DNA methylaallele
allele
tion is one such mechanism. The
promoter region of up to 50% of
human genes contains cytosineguanine pairings that exceed the
expected frequency just because
Cancer susceptibility genes
of chance alone. These areas are
known as CpG islands. The 5’ carbon of the cytosine is prone to the
addition of a methyl group by a
series of poorly understood enHeterozygous condition:
Germline mutation
zymes known as methyltransfernormal gene balances the
mutated gene
ases. When this occurs, a binding
Originator: National Cancer Institute
complex is recruited which blocks
Source: www.cancer.gov
the ability of RNA polymerase to
In hereditary cancer syndromes, individuals are called heterozygous (having one or more dissimilar
transcribe the following gene. It is
gene pairs) because they start life with a germline mutation in one of the alleles linked to cancer
thought methylation plays a large
susceptibility; however, it is balanced by a normal counterpart. These individuals are predisposed
role in controlling DNA expression
to cancer because all their cells have already sustained the ﬁrst hit to cancer-linked genes. If the
during normal development, when
critically needed normal suppressor gene that balances this germline mutation is lost at some time
genes need to be turned on and
during an individual’s life, a condition called loss of heterozygosity (LOH) occurs.
off at precise times. Thus, there is
the DNA of individuals and those with cancer was looking
no true alteration in the sequence of the gene, but it is
at the coiled structure of the chromosomes. Characteristic
silenced by promoter hypermethylation. This means of
banding patterns could be seen with some diseases, ingene silencing ﬁts in well with Knudson’s hypothesis in
cluding leukemias which often involved translocations
that 1 allele of a tumor suppressor gene can be deleted
of large portions of chromosomal arms which could be
or mutated, while another allele is silenced through proreadily detected. Cytogenetic techniques have advanced
moter hypermethylation. Recent studies provide strong
such that one can perform whole genome screens looking
evidence that promoter hypermethylation is an imporfor ampliﬁcations, deletions, or translocations, or one can
tant mechanism of tumor suppressor gene silencing in
focus on very speciﬁc chromosomal regions using hybridmany different tumor models.11
ization techniques. While micro-satellites offer the ability
to ﬁnely map areas of DNA loss, they cannot detect large
In OSCC, there have been many studies detailing the preschromosomal abnormalities, translocations, or ampliﬁcaence of promoter hypermethylation of many known tutions. Thus, the cytogenetic approach offers a different
mor suppressor genes.12 From a therapeutic standpoint,
method of detecting areas of DNA alterations that then
it is also appealing in that the normal DNA sequence has
can be further investigated by more sensitive and focused
not been altered, and the methylation is theoretically a
techniques.
reversible process. Future studies are sure to follow in an
effort to identify novel tumor suppressor genes that are
These cytogenetic techniques have been performed in
silenced solely by methylation and to test the feasibility
OSCC and have revealed that there are many gross abof novel therapeutic agents that are able to target these
normalities in DNA copy numbers and various translogenes.
cations that occur. In addition, there have been many
ﬁndings that have pointed to speciﬁc chromosomal reMitochondrial mutations
gions that seem to be hotspots for either ampliﬁcation or
The role of mitochondria in cellular function has long
loss.7-10 Future work will be required to elucidate the gene
been known — oxidative phosphorylation occurs in these
products that might be responsible for carcinogenesis at
structures, but they also have a role in carrying out apopthese particular sites.
tosis and cellular proliferation, and affect the balance of
reactive oxygen species within a cell. The body of literaFigure 3: Loss of heterozygosity
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ture linking mitochondria to cancer has been growing
steadily and is worth mention.
Study of a hotspot of mitochondrial genome mutation
known as the D-loop revealed frequent alterations in oral
premalignant lesions that increased in incidence with disease severity.13 While these mutations do not necessarily confer any functional signiﬁcance, there is at least an
association between oral cancer and mitochondrial mutations. Further studies have demonstrated that there is
also a progressive increase in mitochondrial DNA content
from mild dysplasia to OSCC14 as well as in the saliva of
patients with head and neck cancer.15 Interestingly, the
same investigators found that the salivary mitochondrial
DNA content decreased after deﬁnitive treatment of these
patients, suggesting that it is at least a marker of disease
status.16 More mechanistic studies implicating a direct
link between mitochondrial dysfunction and OSCC are
emerging,17,18 and the pathways will become better elucidated in the future.
Clinical applications
There are many possible applications of the molecular
ﬁndings ranging from detection to therapeutics; however, it is obvious our understanding of the molecular biology and genetics of oral cancer is rudimentary, especially when it comes to targeted therapy. The pathways
leading to cancer are complex, and while trends can be
determined, there is no alteration that exists in all oral
cancers. It is therefore important to accept there will be
differences between patients and to tailor the detection or
treatment schemes to ﬁt the majority.
Screening/early detection (serum, saliva)
The assays that we have brieﬂy mentioned above used to
detect genetic alterations in tumor cells are very sensitive and can be used to ﬁnd even one cancer cell in a sea
of normal cells. Once a DNA abnormality can be clearly
characterized in OSCC (such as gene deletion, mutation,
or methylation) it can be used as a marker for detection.
It is important to note there is not necessarily functional
relevance, as long as it is altered in the cancer cells and
not in normal cells.
Researchers have used these markers effectively in studies of OSCC, mostly as proof of concept, rather than in
clinical trials. The serum or plasma of patients with OSCC
contain shed DNA fragments with alterations that match
those of the tumor.19 Microsatellite alterations found in
the serum of head and neck cancer patients can even be
used to monitor therapy, as these mutations disappeared
in successfully treated patients.20,21 Promoter hypermethylation assays have also been used to detect serum abnormalities in head and neck cancer patients with good
success.22
GRAND ROUNDS
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Salivary rinses or scrapings have also been used as a more
direct means of sampling with the thought that shed tumor cells would be collected along with normal cells. The
detection of molecular abnormalities is a very sensitive
assay, ideal for this situation, and early studies looking at
p53 mutations in saliva conﬁrmed this notion.23 Both microsatellite alterations24 and promoter hypermethylation25
using salivary rinses have been studied with encouraging
results.
The possibilities for these types of assays are exciting,
as one could envision performing a simple blood test as
a method of screening high risk populations for cancer.
Information on the likelihood of cancer development could
also be determined in those patients with premalignant
disease. Treatment effect could be monitored using blood
tests or salivary rinses, and perhaps even the prediction
of chemo-sensitivity could be performed by looking at a
panel of genes that encompass different molecular alterations and corresponding therapies.
Margin analysis
Another practical application of these molecular diagnostics is in surgical margin analysis. Currently, we
rely on histopathologic analysis to determine whether
a resection is adequate. Of course, there are situations
where local recurrence happens despite an apparently
complete excision. This raises the question of whether
there were molecular abnormalities in the adjacent tissue that just wasn’t yet reﬂected in their histologic appearance.
In one of the ﬁrst studies to examine the utility of molecular margin analysis, investigators used p53 as a detection
marker in the surgical margins of patients undergoing resection of head and neck cancers.26 They discovered 13/25
margins that were called negative by histologic exam were
in fact positive for the same p53 mutation as found in the
tumor. Five of those 13 patients with p53 positive margins
developed locoregional recurrence whereas 0/12 of those
patients without detectable p53 at the margins developed
recurrence. The use of p53 or any other marker might
prove to be a useful adjunct to routine histologic evaluation, just as immunohistochemical markers have proven
to be beneﬁcial in certain situations. A similar study using
LOH as a marker for premalignant lesions also demonstrated the utility of including molecular information for
margin analysis.27
Another intriguing study involved the use of a panel of
methylated genes as tumor markers for margin analysis.28 The interesting aspect of this proof of concept study
was that the assay could be performed real time within
the context of a longer case requiring free ﬂap closure
such that molecular information could be returned in
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enough time for further margins to be taken. Thus, these
assays can be optimized to give rapid results that could
have applications similar to that of frozen section analysis.
Chemoprevention
The notion of being able to prevent or reverse the accumulation of these acquired molecular events is appealing, especially in high risk individuals. There is a high
rate of second primary development in patients as they
generally have subjected their entire upper aerodigestive tract mucosa to the same environmental exposures.
Some of the studies looking into chemopreventive agents
follow general classes of compounds such as vitamins
and minerals, antioxidants, and molecular targets. It is
important to identify molecular pathways that can be
targeted with relatively nontoxic compounds that would
be safe for routine use as well as have the desired effect.
Retinoids have been the most widely studied compound,
and their effects are thought to be because of a re-expression of retinoic acid receptors which are lost in premalignant lesions.29 Clinical trials have been performed
looking into the beneﬁts of high-dose vitamin A in head
and neck and lung cancer patients, but there was no apparent effect.30 As there were concerns about the toxicity
proﬁle of high-dose retinoids, a subsequent trial looked
into low-dose isotretinoin; however, the results were also
disappointing.31
COX-2 inhibitors have received attention as there have
been studies suggesting that the downstream effects of
prostaglandin E2 include activation of EGFR.32 This association is most strongly seen in patients with colonic
polyps and indeed, a clinical trial of patients with familial adenomatous polyposis given COX-2 inhibitors demonstrated a reduction in the number of polyps.33 There
have been animal studies looking at its effects in oral
premalignant disease with encouraging results,34 and
clinical trials are ongoing to see its effects in humans.
Gene therapy
The identiﬁcation of molecular alterations in OSCC is
also appealing in that one can replace defective gene
products or target cancer cells based on their speciﬁc
gene alterations. There have been a number of different
delivery mechanisms tried, each with varying degrees of
success. In OSCC, adenoviral vectors have been used,35
retrovirus,36 and even direct injection of plasmid.37
Other approaches such as the delivery of sensitizing
genes through adeno-associated virus has been used
with success as well, so called “suicide gene” therapy.38
The ONYX-O15 replication selective adenovirus is able
to target p53 mutant cells and initially had promising

26

GRAND ROUNDS

IN

results,39 but further trials have not been continued because of lack of funding. More recently, speciﬁc inhibition of gene products in OSCC has been attained using small molecules that interfere with RNA (RNAi).40,41
These have the beneﬁt of being targeted and relatively
easy to deliver. While these do not act on the level of
the DNA, their selection is based on the earlier studies implicating various genes and gene products within
OSCC. It is beyond the scope of this article to discuss
gene therapy in detail, but it is mentioned as an important therapeutic goal and practical application of the
molecular data.
Conclusion
We have covered a broad overview of the molecular alterations that accompany oral cancer and precancer. The
mechanisms continue to become more numerous and
complex, but the understanding of these fundamentals is
critical to the development of therapeutic agents as well
as molecular diagnostics. Future directions will extend
beyond the ﬁeld of genomics and into gene expression
and proteomics, which will also expand the possibilities
for targeted therapy.
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