Genetic abnormalities are
commonly detected in

head and neck cancers

and may impact the
future management

of this cancer.
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Molecular Genetics of Head and Neck Cancer

Lyon L. Gleich, MD, and Frank N.Salamone, MD

Background: Head and neck cancers have multiple genetic abnormalities that influence tumor behavior and
may be useful in developing new treatments.

Methods: Genetic alterations implicated in head and neck cancer oncogenesis and behavior are reviewed, and
molecular techniques for detection and treatment are evaluated.

Results: The large number of genetic changes present in head and neck cancer cells precludes meaningful use of
simple molecular tests and treatments. Detection of abnormalities in multiple genes provides better prognostic
information than the detection and assessment of single mutations. Screening tests that rely on amplification
of genetic material present in bodily fluids are hindered by the genomic complexity of head and neck cancer.
Introduction of genetic material into head and neck cancer cells for gene therapy has shown some efficacy.
Conclusions: Head and neck cancers comprise a complex genetic disease. Although much has been learned
about the molecular genetics of head and neck cancers, continued study of multiple genes is critical for further
progress. Gene therapy, although promising, must also overcome this complexity.

Introduction

Genetic abnormalities in head and neck squamous
cell cancer have been studied extensively, and frequent
changes have been found. A key motivation for investi-
gating head and neck cancer genetics is to find prog-
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nostic indicators of patient survival or markers to select
the type of treatment. Further understanding of head
and neck cancer genetics may also permit the develop-
ment of new cancer therapies. This article discusses
information on changes in tumor suppressor genes and
oncogenes, presents the current state of the art of mol-
ecular detection of head and neck cancer, and reviews
the status and promise of gene therapy.
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Tumor Suppressor Genes

Tumor suppressor genes have been intensely inves-
tigated in head and neck cancer. These genes act to
limit growth of tumors by slowing or halting cell cycle
progression, and mutations in tumor suppressor genes
are commonly seen in head and neck cancer. Aberra-
tions in specific tumor suppressor genes may be pre-
dictive of patient outcome.

p53

Dysfunction in the p53 tumor suppressor gene
(located at 17p13) is implicated in many cancers, includ-
ing head and neck cancer, and has received the most
attention. The production of p53 is increased in response
to cellular insults or DNA damage, and p53 then induces
cell cycle arrest at the G,/S junction. If the damage is
irreparable, p53 can initiate cell death by apoptosis.t

The steady-state concentration of p53 in normal
cells is low, and the half-life of normal (wild type) p53
is short. In contrast, if the p53 gene is mutated, the
genetic product is often present in high concentra-
tions.2 Therefore, immunohistochemical (IHC) meth-
ods can be used to detect abnormal p53, although the
exact protein that is stained is of questionable signifi-
cance. Polymerase chain reaction (PCR)-based meth-
ods, such as direct sequencing of the p53 gene or loss
of heterozygosity (LOH) analysis, also allow detection
of mutant p53. LOH analysis detects the loss of a
genome-specific allele and thus can detect changes that
may not be apparent with IHC analysis.

In head and neck cancer, p53 mutations are pres-
ent in 33% to 59% of tumors using PCR, LOH occurs in
38% of tumors, and abnormal IHC staining is seen in
37% to 76% of tumors (Table 1). Unfortunately, the
tumors that have mutations do not always have abnor-

Table 1. — Selected Studies of p53 Expression and Mutation That Included Evaluation of Prognosis

Study, Year Patients Method p53 Abnormal Measure Results

Bova et al 19992 143 IHC 62% Survival No correlation

Bradford et al 1995* 178 IHC 61% Organ preservation More likely with staining

Hirvikoski et al 1997° 103 IHC 68% Survival Better with staining

Kapranos et al 20016 93 IHC 48% Survival No correlation

Kaur et al 1998” 145 IHC 70% Survival Worse with staining only
for oral cavity cancer

Kokoska et al 19968 66 IHC 61% Survival No correlation

Mao et al 1995° 111 IHC 69% Survival No correlation

Michalides et al 199710 115 IHC 42% Survival No correlation

Narayana et al 2000** 102 IHC 37% Survival No correlation

Osaki et al 2000 225 IHC 57% Survival Worse with staining

Portugal et al 1997%3 100 IHC 66% Survival No correlation

Pruneri et al 19984 149 IHC 50% Survival No correlation

Raybaud-Diogene et al 1997° 101 IHC 49% Recurrence Worse with staining

Wilson et al 19951 99 IHC 76% Survival No correlation

Gleich et al 19967 50 LOH 38% Survival No correlation

Bradford et al 1997¢ 44 PCR 39% Survival Worse with mutation

Chomchai et al 1999° 45 PCR 33% Survival Better with mutation

Hegde et al 19982 39 PCR 33% Survival Worse with mutation

Hiranuma et al 19982 45 PCR 40% Survival No correlation

Hogmo et al 19992 34 PCR 59% Recurrence No correlation

Koch et al 1996 110 PCR 44% Survival No correlation

Ostwald et al 2000%* 94 PCR 43% Survival No correlation

Saunders et al 1999% 42 PCR 48% Recurrence No correlation

Shima et al 2000% 46 PCR 43% Survival No correlation

LOH = loss of heterozygosity

IHC = immunohistochemistry

PCR = polymerase chain reaction
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mal IHC. This poor correlation between PCR analysis,
LOH, and IHC is a confounding factor in evaluating
head and neck cancer p53 data.

Given the large number of studies without a clear
correlation between p53 status and survival, it is evi-
dent that mutation of p53 is not a powerful predictive
marker. In general, the studies that did show a rela-
tionship between p53 and outcome found, as expect-
ed, that overexpression of p53 as detected by IHC or
the presence of LOH or mutations are associated with
recurrence or death. However, an analysis of the Vet-
erans Affairs Laryngeal Cancer Study, in which patients
were randomized to induction chemotherapy followed
by radiation therapy vs surgery and postoperative radi-
ation, found unexpectedly that p53 overexpression as
detected by IHC was associated with an increased rate
of organ preservation.* A further analysis of these
same patients by direct sequencing for mutations
reported worse survival with p53 mutations present.:8
The clinical utility of p53 mutations as a predictor of
survival or as an aid in selecting the method of therapy
is therefore unclear.

Retinoblastoma

Retinoblastoma (Rb, located at 13q14) is a key
tumor suppressor gene involved in controlling the cell
cycle.?” Hypophosphorylated Rb binds and inactivates
a transcription factor responsible for cell cycle pro-
gression (EF1). Mutation of Rb or loss of Rb activity can
therefore cause unchecked cell growth.

IHC studies demonstrate Rb abnormalities (dimin-
ished expression) in 6% to 74% of head and neck can-
cers (Table 2). LOH analysis demonstrates loss of an Rb
allele in 14% to 59% of tumors. As with p53, there is no
clear correlation between Rb mutation and poor out-
come; however, two studies suggested that underex-
pression correlates with poor survival.?83* One study
found that LOH at p53 and Rb occurring simultaneous-
ly is associated with poorer survival.'”

pl6/p21/p27

The p16, p21,and p27 tumor suppressor genes act
to modulate cell proliferation. The p16 gene (located at
9p21) produces pl6 protein, which in turn inhibits
phosphorylation of Rb, thus inhibiting the Rb-induced
release of transcription factor EF1 and cell cycle pro-
gression.*® The p21 and p27 genes (located at 6p21 and
14932, respectively) produce proteins that are activat-
ed by p53 and induce cell cycle arrest.#142 Abnormali-
ties can be found using PCR, LOH analysis, or Western
blotting, which can evaluate protein expression.

Abnormalities in p16 are common in head and
neck cancers. PCR methods have shown mutations in
19% to 58% of tumors, while LOH analysis revealed
allelic losses in 57% (Table 3). IHC methods have
shown low pl16 expression in 55% to 89% of tumors.
Low expression of pl6 therefore occurs in the vast
majority of head and neck cancers. A study examining
p16 using PCR and Western blotting for the same set of
tumors found mutated p16 in only 19% of tumors;

Table 2. — Selected Studies of Retinoblastoma (Rb) Expression and Mutation

Study, Year Patients Method Rb Abnormal Measure Results
Dokiya et al 19982 72 IHC 29% Survival Worse with abnormality
El-Naggar et al 19992 35 IHC 6%

loachim et al 1999% 41 IHC 30%

Koontongkaew et al 20003 53 IHC 74%

Nakahara et al 200032 78 IHC 56%

Pande et al 1998% 35 IHC 66%

Pavelic et al 19963 182 IHC 27% Survival T1 tumors worse with abnormality
Regezi et al 1999% 55) IHC 40%

Xu et al 1998% 34 IHC 9%

Gleich et al 1996% 57 LOH 37% Survival No correlation
Scholnick et al 199437 37 LOH 59%

Yokoyama et al 1996% 28 LOH 14%

Sartor et al 1999% 25 Western blot 44%

LOH = loss of heterozygosity

IHC = immunohistochemistry
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however, decreased p16 expression was found in 69%
of tumors.®® Thus, aberrations in the regulation of p16
protein production are common in head and neck can-
cer. Transcriptional inactivation by hypermethylation
of the p16 gene promoter may contribute to this down-
regulation.*®4® Abnormal p16 is associated with worse
survival, increased recurrences, tumor progression, and

nodal metastasis in many of the studies assessing
patient outcome.

Expression of p21 was shown in 29% to 92% of head
and neck tumors using IHC methods (Table 4). There is
no clear relationship between p21 staining and clinical
parameters. Expression of p27 was demonstrated in 18%

Table 3. — Studies of p16 Expression and Mutation

Study, Year Patients Method pl6 Abnormal Measure Results

Bova et al 19992 143 IHC 55% Survival Worse with abnormality
El-Naggar et al 1999% 35 IHC 89%

Pande et al 1998% 85 IHC 63%

Jares et al 19974 42 LOH 57% Nodal metastasis More with abnormality
Danahey et al 19994 26 PCR 58% Recurrence More with abnormality
Jares et al 19994 46 PCR 22%

Matsuda et al 1996 20 PCR 20%

Olshan et al 19974 33 PCR 36%

Sartor et al 1999% 26 PCR 19%

Shintani et al 20014 32 PCR 56%

Sartor et al 1999% 26 Western blot 69%

LOH = loss of heterozygosity
IHC = immunohistochemistry
PCR = polymerase chain reaction

Table 4. — Studies of p21 Expression

Study, Year Patients Method p21 Expression Measure Results
Agarwal et al 1998%° 51 IHC 69%

Erber et al 19975 42 IHC 67% Survival Worse with staining
Hirvikoski et al 1999 144 IHC 68% Survival No correlation
Jeannon et al 20005 60 IHC 58% Survival Worse with staining
Kapranos et al 2001¢ 93 IHC 55% Survival No correlation

Kuo et al 19955 51 IHC 92% Nodal metastasis More with staining
Mineta et al 1999% 72 IHC 29% Survival No correlation

Ng et al 1999% 88 IHC 82%

Osaki et al 2000*2 225 IHC 29% Survival No correlation
Pruneri et al 19995 132 IHC 69% Metastasis Less with staining
Ralhan et al 2000% 30 IHC 53%

Regezi et al 1999% 64 IHC 7%

Saunders et al 1999% 36 IHC 86%

Tatemoto et al 1998%° 150 IHC 29% Nodal metastasis More with staining
van Oijen et al 1998% 43 IHC 67%

Yook et al 1998¢ 20 IHC 75% Survival No correlation

Yuen et al 200152 87 IHC 56% Survival Better with staining

IHC = immunohistochemistry
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to 62% of tumors by IHC. The presence of p27 has been
correlated with improved survival (Table 5).

Oncogenes

Oncogenes produce proteins that promote cell and
tumor growth. The cellular changes necessary for
malignant transformation involve the activation of
many oncogenes.

Cyclin D1

The cyclins are proteins that are involved in cell
cycle regulation. The cyclin D1 gene product (CCND1,
located at 11g13) phosphorylates Rb, leading to cell

cycle progression. The activity of cyclin D1 may be
inhibited by many tumor suppressor genes including
p16, p21, and p27.% In assessing cyclin D1, multiple
techniques have been used including IHC, fluorescence
in situ hybridization (FISH) allowing detection of gene
copy number, and Southern blotting techniques allow-
ing quantification of gene copy number.

In head and neck cancers, cyclin D1 has been
shown to be amplified in 36% of tumors using FISH and
in 18% to 58% of tumors using Southern blotting, and it
is overexpressed in 12% to 68% using IHC (Table 6).
Studies that showed a relationship between cyclin D1
and outcome found, as expected, that amplification or
overexpression was associated with recurrence, nodal
metastasis, or death.

Table 5. — Studies of p27 Expression

Study, Year Patients Method p27 Expression Measure Results
Kapranos et al 2001° 93 IHC 53% Survival No correlation
Kudo et al 20008 17 IHC 18%
Mineta et al 1999% 81 IHC 32% Survival Better with staining
Pruneri et al 199957 132 IHC 62% Survival Better with staining
Tamura et al 2001% 102 IHC 47% Survival Better with staining
IHC = immunohistochemistry

Table 6. — Studies of Cyclin D1 Expression and Amplification
Study, Year Patients Method Cyclin D1 Abnormal Measure Results
Okami et al 1999¢¢ 11 FISH 36%
Akervall et al 199767 75 IHC 12% Survival Worse with staining
Bova et al 19993 147 IHC 68% Survival Worse with staining
Capaccio et al 1997¢¢ 96 IHC 44% Nodal metastasis More with staining
Koontongkaew et al 20003 53 IHC 40%
Kyomoto et al 1997%° 45 IHC 53% Survival Worse with staining
Masuda et al 19967 42 IHC 55% Survival Worse with staining
Michalides et al 1997 115 IHC 49% Survival Worse with heavy staining
Mineta et al 2000% 94 IHC 19% Survival Worse with staining
Nakahara et al 20003 78 IHC 36%
Pignataro et al 19987 149 IHC 32% Survival Worse with staining
Bellacosa et al 19967 51 Southern blot 18% Survival Worse with amplification
Callender et al 19947 32 Southern blot 34%
Fortin et al 19977 50 Southern blot 20% Survival No correlation
Gleich et al 19997 24 Southern blot 42% Survival No correlation
Meredith et al 19957 56 Southern blot 39% Survival Worse with amplification
Muller et al 199777 201 Southern blot 58% Survival No correlation
IHC = immunohistochemistry
FISH = fluorescence in situ hybridization
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EGF/EGFR

Human epidermal growth factor receptor (EGFR,
located at 7pl2) is a transmembrane protein with
intrinsic tyrosine kinase activity expressed primarily on
cells of epithelial origin. EGFR regulates cell growth in
response to activation by EGF and transforming growth
factor-a (TGF-a) binding.”® EGFR is overexpressed in
head and neck tumors, leading to increased tyrosine
kinase activity and cell proliferation.” In addition,
tumors can overexpress EGF, causing autocrine stimula-
tion of the EGFR.

EGFR expression is found in a high percentage of
head and neck cancers (43% to 62%).8°81 EGFR expres-
sion has been correlated with worse survival; howev-
er, the studies are few, and there are negative studies.
Blockage of EGFR receptors in cell lines inhibits tumor
growth and has led to active clinical trials.8?

STAT3

The STAT tyrosine kinase system has recently been
the subject of much investigation. Activated EGFR acti-
vates STAT proteins through a complex mechanism.
The activated STAT then induces cell proliferation.8?

STAT3 expression and DNA binding are significant-
ly increased in the mucosa of patients with head and
neck cancer.® In addition, blocking EGFR expression
leads to a decrease in STAT3 activation.®® No studies
have been performed to demonstrate an association
between STAT activity and head and neck cancer sur-
vival, but this kinase appears to be involved in tumor
progression.

Multiple Molecular Aberrations in
Head and Neck Cancers

Multiple genetic abnormalities are present in head
and neck cancers. The exact number and type of abnor-
mality differs from tumor to tumor, resulting in differ-
ent phenotypes. Evaluating the genotype of head and
neck tumors at multiple loci may provide more prog-
nostic information.

The multiple genetic abnormalities present in head
and neck cancer cells can be evaluated at the chromo-
somal level using spectral karyotyping (SKY) and com-
parative genomic hybridization (CGH). The SKY tech-
nique involves labeling each chromosome with a
unique colored marker. Rearrangements can be identi-
fied when a combination of colors is seen on a single
derived chromosome. Using this technique, frequent
breakpoints were found in multiple chromosomes of
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head and neck cancer cells.® Identification of
rearrangement sites allows for investigation of candi-
date oncogenes and tumor suppressor genes at these
locations. Similar information can be obtained using
CGH, in which tumor DNA is labeled with a specific
colored marker and hybridized with DNA isolated from
normal cells and stained with a different marker. Dif-
ferences in gene copy number can be determined by
the relative amount of staining. CGH has revealed fre-
guent losses and gains on multiple chromosomes.®”

LOH analysis provides a rapid method of screening
for multiple genetic abnormalities. In a study of 68
head and neck cancers, significant LOH was seen at
chromosome bands 3p21, 3p25-26, 8pter-21.1, 13914,
and 17p12. LOH at more than two loci was correlated
with a poor prognosis.® A study of 43 head and neck
tumors also revealed that tumors with abnormalities in
more than one gene (p53, Rb, q16, cyclin D1, p16, p21,
and p27 were tested) had a poorer prognosis.”™

Newer techniques such as gene array technology
that can evaluate a number of genes simultaneously
have also shown additional potential sites of genetic
abnormalities.®® As more information on these tech-
niques accumulates, patterns of gene abnormalities that
correlate with prognosis may be found.

Molecular Immunology

Immunocompromised patients are more suscepti-
ble to many malignancies, and it is hypothesized that
the immune system is involved in active surveillance
for tumor cells. Patients with head and neck cancer in
particular exhibit impairments in immune cell function
and cytokine production. This suppression is present at
the primary site, in the neck nodes, and systemically.®
Tumor cells also secrete substances that further sup-
press the immune system. The treatments for head and
neck cancers also cause immunosuppression.

As a part of the cellular immune system, major his-
tocompatibility (MHC) class | proteins present peptide
antigens to CD8* cytotoxic T lymphocytes. Thus, loss of
class I MHC activity may allow tumor cells to elude
detection. IHC and LOH studies have shown abnormali-
ties in MHC expression in many head and neck tumors.®!

Molecular Detection of Head and
Neck Cancers

Screening tests for head and neck cancers are
being developed. These cancers are bathed in saliva,

and cells exfoliate into this fluid. Analysis of saliva for

September/October 2002, Vol.9, No.5



abnormal cancer genes may allow tumor screening. An
analysis of saliva from 44 head and neck cancers using
a panel of PCR probes found microsatellite alterations
present in both the saliva and the tumor in 36 cases.*
Although saliva samples have the potential for screen-
ing for disease or recurrence, these tests are not cur-
rently in clinical use and have not yet been verified for
clinical application.

Attempts have been made at finding p53
immunoglobulin G (IgG) antibodies in the serum and
saliva of head and neck cancer patients with mixed
results. In a study of 271 patients with oral squamous
carcinoma, p53 antibodies were present in 25% of
serum samples.®®* A low percentage of patients with
head and neck cancer exhibit p53 antibody in their
saliva.®* These results are not surprising, given that
p53 is abnormal in approximately 50% of head and
neck cancers.

Abnormal promoter methylation is common in
head and neck cancer genes. Using PCR, the presence
of promoter hypermethylation can be detected in
the serum and saliva of patients with head and neck
cancer.4849

Molecular Determination of
Surgical Margins

An analysis of the histologically negative margins
from 25 head and neck cancer patients demonstrated
p53 mutations in 13 of these patients. None of the
patients with histologically and genetically negative
margins recurred, while 5 of the 13 patients with p53
mutation in the margin recurred locally.®® In another
study, surgical margins from patients who underwent
larynx cancer resections were tested for elF4E sta-
tus.® Of the 54 patients studied, 32 had elF4E-posi-
tive margins. Of the 25 patients who recurred, 21 had
elF4E-positive margins. These studies show that his-
tologically negative margins are not necessarily genet-
ically negative and that genetically positive margins
are more likely to recur. However, the relevance of
this information in clinical management has not yet
been fully elucidated.

Gene Therapy

The goal of gene therapy for cancer is to introduce
genetic material into malignant cells to cause tumor
regression. Once introduced, these genes may directly
replace the function of a mutated gene, convert pro-
drugs into antineoplastic compounds, or induce other
mechanisms that lead to cancer cell death.

September/October 2002, Vol.9, No.5

Vectors are the means by which genes are deliv-
ered to the cell. Viral and nonviral vectors (eg, adeno-
virus, retrovirus, and liposomal) are used. Despite the
high transfection efficiency of some vectors, delivery to
all tumor cells is not technically feasible.

p53

Replacing a mutated p53 gene with a wild-type
(normal) p53 gene is a potential approach to head and
neck cancer treatment. This approach is limited by the
lack of mutated p53 in many tumors and also by the
current limitations of vector technology in delivering
the gene. In a study of 17 patients with advanced recur-
rent or refractory unresectable head and neck cancer,
treatment with delivery of the p53 gene using an
adenoviral vector found only 2 patients with tumor
regression of more than 50%.” An additional 17
patients with resectable disease were treated, and 2
remained disease-free for longer than 2 years.

ONYX-015

ONYX-015 is an adenovirus from which the E1B
region has been deleted. E1B inactivates p53, thereby
allowing virus replication. Consequently, ONYX-015
should be able to replicate only in cells lacking func-
tional p53 and thus potentially target cancer cells.
Some conflicting data have emerged regarding the
specificity of ONYX-015, although its proponents claim
that the most stringent tests, ie, those comparing cell
lines differing only in p53 status, validate the efficacy of
ONYX-015.%8

ONYX-015 was intratumorally injected in 22
patients with recurrent refractory head and neck can-
cer that had abnormal p53 immunochemistry.®® A par-
tial response was seen in 3 patients, and 2 had a minor
response. A study involving 40 patients showed a par-
tial response in 14%.1% In another report, ONYX-015
was given in combination with cisplatin and 5-fluor-
ouracil to treat 37 patients with recurrent head and
neck cancer.’®® A partial response was seen in 15
patients. However, this was not a randomized trial, and
it is not possible to conclude the true efficacy of
ONYX-015 and chemotherapy combinations.

Alloantigen Therapy

Head and neck cancer commonly has reduced
MHC expression. MHC antigens can incite a vigorous
immune response. A potential application in treating
head and neck cancer is the use of gene therapy to
deliver a class | MHC. If the MHC is human but foreign
to the patient, it can induce an antitumor response
either by presenting tumor antigens or by itself being
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an antigen. Allovectin-7 is a gene therapy product that
uses a liposomal vector and encodes the class | MHC
HLA-B7.

A study of recurrent, advanced, unresectable head
and neck cancer included 18 patients, all of whom
were HLA-B7-negative. Patients received intratumoral
injection of a gene transfer product (Allovectin-7),
which resulted in complete or partial response in 4
patients.1®2 A multi-institutional study, also of advanced
unresectable head and neck cancer, included 60
patients who were HLA-B7-negative. After the first
cycle of treatment, 23 patients had stable disease or a
partial response and proceeded to the second cycle.
After the second cycle and 16 weeks after the initiation
of gene therapy, 6 patients had stable disease, 4 had a
partial response, and 1 had a complete response.1%

pl6/p21/Rb

The tumor suppressor genes p16, p21, and Rb are
frequently mutated in head and neck cancer and there-
fore are potential gene therapy targets. Studies in ani-
mal models support the potential for these genes in
head and neck cancer therapy,'°41% but the application
of vector technology is currently limited, as seen with
p53 gene therapy.

Biologic Therapy
EGF/EGFR

The role of EGFR in head and neck cancer pro-
gression has led to the development of drugs to block
this receptor. In a study of 16 patients with stage Ill
and IV head and neck cancer, EGFR blocking antibody
was combined with radiation therapy, and a complete
response was seen in 13 patients.1% This study was not
randomized, so the true efficacy of the antibody cannot
be assessed. EGFR blocking antibody in combination
with cisplatin was also used in 12 patients with incur-
able recurrent or metastatic head and neck cancer. A
complete response was achieved in 2 patients and a
partial response in 4.1 Again, due to the combination
with cisplatin the true efficacy of the antibody cannot
be assessed. Currently there are ongoing trials of EGFR
blocking antibody.

Conclusions

Abnormalities of many genes critically involved in
the regulation of the cell cycle are found in head and
neck cancer. Detection of these genetic changes may

assist in both the diagnosis and treatment of head and
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neck cancer in the future. Further research is needed
to clarify how tumor genotype correlates with progno-
sis. In addition, simpler and less costly methods of
detection need to be developed.

Although genetic and biologic therapies are still in
the early phases of development, they hold promise for
the treatment of head and neck cancer by addressing
the fundamental defect of the malignant cell.
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