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Summary 

One way to explain the development of head and neck cancer is through the theories of field cancerization, 
i.e., the exposure of an entire field of tissue to repeated carcinogenic insult, and multistep process, i.e., devel- 
opment of multiple cancers in a predisposed field through a series of recognizable stages. Recent molecular 
genetic studies of histologically normal and premalignant epithelia of high-risk subjects and studies of malig- 
nant tumors in aerodigestive tract epithelia have identified a continuum of accumulated specific genetic alter- 
ations that possibly occur during the clonal evolution of tumors, namely, during the multistep process. Second 
primary or multiple primary tumors arise in the same fields as independent clones, with similar but unique 
molecular genetic and/or cellular alterations. Consequently, the assessment of these genetic and phenotypic 
alterations has been integrated into clinical chemoprevention trials in an effort to identify biomarkers that are 
also risk predictors and intermediate end points. This review covers candidate biomarkers of the processes of 
field cancerization and multistep tumor development in aerodigestive tract epithelia, including general and 
specific genetic markers, proliferation markers, and squamous differentiation markers. 

Introduction 

Head and neck cancers account for an estimated 
42,000 new cases of cancer and 12,000 deaths per 
year in the United States, roughly 4% of all new 
cancer cases and 2% of cancer deaths annually [1]. 
The worldwide incidence of this malignancy, ap- 
proximately 500,000 cases per year, has remained 
unchanged for over two decades [2, 3]. 

Over the last 20 years, diagnosis and manage- 
ment have improved through combined efforts in 
sugery, radiotherapy, and chemotherapy and 
through tobacco cessation programs, but long-term 
survival rates have improved only marginally and 
are among the lowest of the major cancers [4, 5]. In 
addition, the residual cosmetic and functional ef- 

fects of definitive local therapy often debilitate and 
reduce the quality of life of these patients. 

New strategies are clearly needed to help control 
head and neck cancer. One of the most important 
approaches under investigation is chemopreven- 
tion, the use of specific natural or synthetic agents 
to suppress, reverse, or prevent carcinogenesis 
[6-9]. This approach can be used in the general pop- 
ulation, in subjects with increased cancer risk due to 
inherited or acquired factors, and in patients cured 
of primary tumors but at risk for second primary tu- 
mors [10-15]. The major obstacle, however, in de- 
signing trials for such interventions is the extremely 
distant end point, namely cancer incidence. Reach- 
ing that end point is expensive and requires many 
subjects, and long-term follow-up. One obvious so- 
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lution is to identify intermediate end points using 
biomarkers associated with specific stages of the 
carcinogenic process [16-18]. 

Research so far into head and neck tumorigene- 
sis has been based on two theories: field canceriza- 
tion and multistep process. The phenomenon of 
field cancerization is demonstrated in tissue sam- 
ples from different sites in the aerodigestive tract, a 
'field' in which tissue is exposed to the same carci- 
nogenic insult. The frequent presence of a variety of 
premalignant and malignant lesions at these sites 
reflects the multistep process of tumorigenesis. Re- 
search efforts have identified many potential cellu- 
lar and molecular biomarkers [19-23] and set the 
stage for future clinical studies [24]. 

Strictly, these candidate biomarkers should be 
validated through clinical chemoprevention trials 
before being used as risk assessment or intermedi- 
ate end points. Although this could take many years 
and require many subjects, promising currently 
available biomarker candidates should be incorpo- 
rated into current and future chemoprevention 
trials. The most useful chemopreventive agents, a 
structurally heterogeneous and mechanistically di- 
verse group, could be selected on the basis of mod- 
ulation of biomarkers, with an eye to establishing 
combinations that effectively inhibit different phas- 
es of the carcinogenic process, as reflected in the 
biomarkers. Also, certain biomarkers might be 
used to select high-risk populations for chemopre- 
vention trials. In the long term, panels of intermedi- 
ate end point biomarkers may replace cancer inci- 
dence as the major end point of phase III chemo- 
prevention trials. 

Field cancerization 

The concept of field "cancerization' was proposed 
in 1953 by Slaughter et al. [25], who hypothesized 
that the entire epithelial surface of the aerodiges- 
tive tract is exposed to common carcinogens and 
has an increased risk of cancer development. They 
also postulated that multiple primary epithelial 
cancers could arise independently within the aero- 
digestive tract following prolonged exposure to car- 
cinogens. Patients with head and neck squamous 

cell carcinoma, or those at high risk for the devel- 
opment of this cancer, commonly have a history of 
exposure to cigarette smoke and are likely to have 
multiple premalignant or malignant lesions clinical- 
ly and histologically evident within the same epithe- 
lium of the aerodigestive tract. This theory is sup- 
ported by clinical, histopathological, and recent 
molecular biological evidence. 

Clinical evidence 

Head and neck squamous cell carcinomas usually 
occur in tissues heavily exposed to carcinogen. Epi- 
demiologic and, more recently, molecular data 
show that tobacco products increase tumor risk in 
the exposed field. The tumors can occur throughout 
the aerodigestive tract, and the risk of tumor devel- 
opment correlates with the duration and extent of 
carcinogenic exposure. Moreover, concurrent ex- 
posure to other etiologic agents (e.g., alcohol) can 
further increase the risk within the exposed field. 

Interestingly, a significant percentage of patients 
initially cured of their cancers go on to develop sec- 
ond primary tumors (SPTs). These SPTs, whether 
synchronous or metachronous, develop at a con- 
stant rate (4-7% of treated patients per year), usu- 
ally in the field at risk: the head and neck~ the upper 
two thirds of the esophagus, and/or the lung. Pa- 
tients with early-stage disease are very prone to 
SPTs since their risk for metastatic disease and local 
relapse is greatly decreased by their definitive pri- 
mary treatments [26-31]. There is much evidence to 
support this. A retrospective survey of 235 laryn- 
geal cancer patients followed for a median of 10 
years revealed that 21% developed SPTs [32]; most 
of the SPTs occurred in the aerodigestive tract, 18% 
occurred in the head and neck, and 4% occurred in 
the lung. Furthermore, the SPTs occurred most of- 
ten in patients diagnosed with early-stage disease. 
Cooper and colleagues, in a report from the Radi- 
ation Therapy Oncology Group's study of 928 pa- 
tients who received radiotherapy for their primary 
tumors and were then followed for 8 years, observ- 
ed that 25% developed SPTs. Nearly 60% of those 
SPTs occurred in the aerodigestive tract, mostly in 
patients with the earliest primary tumors. In analyz- 



ing the incidence, anatomic distribution, and surviv- 
al impact of SPTs of the aerodigestive tract with re- 
spect to specific head and neck cancer sites [33], Lic- 
ciardello et al. found a 1040% incidence of meta- 
chronous tumors and a 9-14% incidence of 
synchronous SPTs (mostly lung, head and neck, and 
esophageal). These SPTs unquestionably influen- 
ced subsequent survival and proved to be the major 
threat to long-term survival after successful therapy 
of early-stage head and neck cancer. Finally, Vik- 
ram found that the risk of SPTs at 4 years after ini- 
tial treatment exceeds the risk of relapse [34]. 

Histopathological evidence 

In addition to Slaughter's clinical observations in 
the late 1950's, Auerbach and colleagues extensive- 
ly examined paraffin sections of lungs from over 100 
dying patients with and without lung cancer [35]. 
They divided the tracheobronchial tree into 208 
sections and histologically analyzed the paraffin 
sections. Some epithelial change was evident in 90- 
100% of sections derived from most of the light 
smokers, all of the heavy smokers, and all patients 
with lung cancer, ranging from loss of cilia and basal 
cell hyperplasia to carcinoma-in-situ. These chang- 
es were present throughout the lung field, and the 
degree of change correlated with the extent of to- 
bacco exposure. Additional evidence comes from 
the mouse skin model, a good model for the pro- 
gression of intraepithelial neoplasia [36]. In this 
model, uniform exposure of the entire epithelial 
surface to environmental carcinogens leads to mul- 
tiple, typically monoclonal papillomas derived from 
a single stem cell of the epidermal proliferative unit. 
Two other examples of carcinogen exposure 
throughout the epithelium of an organ are exposure 
of the skin to sunlight and of the colon to fatty acids 
(in the colon, areas of the crypt epithelium develop 
hyperplastic and then dysplastic changes in the epi- 
thelium covering the adenomatous polyps). The re- 
sult is diffuse injury and a higher than normal risk of 
multiple primary tumors [37, 38]. 

55 

Molecular biological evidence 

More proof for the notion of field cancerization 
comes from molecular biology and the character- 
ization of molecular events occurring in tumor 
fields. Studies by Sozzi et al. [39] and Lee et al. [40] 
of short-term cultures of normal lung cells from pa- 
tients with lung tumors revealed multiple chromo- 
somal changes including rearrangements, aneuso- 
my (e.g., trisomy 7), and deletions (e.g., 3p and 17p 
deletions). The frequency of the changes were sig- 
nificantly higher in patients with multiple primary 
tumors of the aerodigestive tract. Our group has al- 
so characterized the molecular events in lung tumor 
fields, using the technique of premature chromo- 
some condensation to visualize interphase chromo- 
somes of cytologically normal lung cells obtained at 
pneumonectomy for lung tumors [41, 42]. The lung 
cells away from the tumor site harbored genetic 
changes, including varying numbers of chromo- 
somes per cell (suggesting genomic instability) and 
karyotypic structural changes. In some cases, these 
changes were shared by the tumor, suggesting that 
specific genetic changes might enhance the survival 
of damaged cells or that the tumor and the cells 
from normal tissue harboring the same changes 
have a common clonal origin. In other cells, distinct 
changes were noted, suggesting that genetic dam- 
age continues to accumulate in the normal tissue, 
increasing the risk that important genetic loci will 
be altered and that multiple clones and multiple pri- 
maries will develop [42]. Furthermore, using non- 
isotopic in situ hybridization, specific chromosome 
probes were applied in paraffin-embedded head 
and neck tissue sections containing the whole spec- 
trum of premalignant and malignant lesions that all 
showed chromosomal abnormalities and will be dis- 
cussed in detail later in this chapter [43]. 

Probes for specific genetic changes involving on- 
cogenes and tumor suppressor genes in aerodiges- 
tive tract tumors have also been used to character- 
ize the rest of the genetic changes in the field. For 
instance, Rabbits and colleagues reported the same 
molecular changes in regions of bronchial dysplasia 
and adjacent invasive carcinoma of the lung [44]. 
Gazdar et aL, using polymerase chain reaction 
methodologies and microsatellite primers and 
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probes, revealed a variety of clonal changes includ- 
ing ras mutations and allelic losses of chromosomes 
9p and 3p in premalignant epithelial regions from 
lung tissues of cancer patients [45-47]. 

Finally, the observation that specific molecular 
events (i.e., p53 mutations, deletion associated with 
loss of heterozygosity) usually differ between mul- 
tiple primary tumors [48] and between different 
premalignant foci supports the notion that genetic 
changes occur independently throughout the aero- 
digestive tract, leading to multifocal tumor forma- 
tion. 

Muitistep tumorigenesis 

In multistep tumorigenesis, the accumulation of ge- 
netic damage results in phenotypic changes, i.e., 
dysfunctional regulatory processes, that affect cell 
growth, differentiation, cell loss, and function. This 
theory dovetails with the increasingly apparent no- 
tion that cancer develops in a stepwise process in- 
volving genetically altered cell populations. Some 
of the altered cell populations may spawn 'new' ge- 
netically altered cells that are more likely to evolve 
into different neoplastic foci. Indeed, the carcino- 
genic process seems to be one of cellular evolution 
based upon the repeated selection of genetically al- 
tered cells whose chances of becoming cancerous 
increase as the system evolves through the pre- 
cancerous stage and clonal expansion [49]. 

Early genetic lesions may be present in this af- 
fected field and be targets of further complex and 
multiple genetic changes during the pathogenesis of 
aerodigestive tract tumors. Although the earliest 
genetic changes may involve both altered differen- 
tiation and proliferation, continuing genetic chang- 
es are likely to accompany the proliferative changes 
as carcinogenesis progresses. The accumulation of 
genetic damage in the exposed tissue, which may 
drive carcinogenesis, culminates in the events nec- 
essary for cell proliferation and transformation of 
the cells from genetically altered but histologically 
normal to frankly malignant. The rate of accumu- 
lation of genetic damage reflects the degree of car- 
cinogen exposure, the inherent sensitivity of the in- 
dividual, and the degree of tissue damage. How- 

ever, although the whole field presumably accumu- 
lates genetic damage, only a few malignant foci 
eventually develop into carcinomas. One theory is 
that only those cells that take the right genetic 'hits' 
at the premalignant stages can become malignant. 
These 'hits' may be activation of proto-oncogenes 
and inactivation of tumor suppressor genes. In- 
deed, their correlation with histopathologic pro- 
gression has led to the colorectal cancer model of 
molecular progression [50]. In this model, the pro- 
gression from colorectal adenoma to carcinoma in- 
volves ras oncogene mutations and the loss of tu- 
mor suppressor genes on 5q, 17p, and 18q, with each 
genetic alteration being followed by clonal expan- 
sion. A similar but unique molecular genetic model 
is emerging for head and neck tumorigenesis. 

Clinical and histological evidence 

From a clinical point of view, tumors of the aerodi- 
gestive tract often follow, but do not necessarily 
originate from abnormal premalignant lesions in 
the field at risk (i.e., oral leukoplakia/erythropla- 
kia). Indeed, the presence of such lesions often im- 
plies a higher tumor risk somewhere in the field. 
Premalignant oral lesions occur in up to 30% of oral 
squamous cell carcinoma cases [51, 52]. These pre- 
malignant lesions often have hyperplastic and dys- 
plastic phenotypes, both of which can progress to 
invasive cancer [38, 53-54]. For instance, a study 
that followed 257 oral leukoplakia patients for 7.2 
years saw the development of squamous cell carci- 
noma in 17.5% of cases. It also revealed that dys- 
plastic lesions had a ten-fold higher transformation 
and a ten-fold lower spontaneous regression rates 
than hyperplastic lesions [55]. Other clinical exam- 
ples of the multistep process are the development of 
esophageal cancer from Barrett's esophagus, of 
lung cancer from bronchial metaplasia, and of in- 
vasive transitional cell carcinoma in the bladder 
from intraepithelial neoplasia outside the aerodi- 
gestive tract areas. 

Thanks to the identification of specific genetic 
changes that drive the neoplastic process, a model 
for head and neck squamous cell carcinoma tumori- 
genesis is now evolving that should be useful in 



early detection, intervention, and prognosis. These 
genetic changes and their relevance to both field 
cancerization and multistep tumorigenesis will be 
described in detail in the following biomarker sec- 
tion. 

Biomarkers 

Recent technical advances, wide applications of 
molecular biology, and increasing emphasis on 
translational research have revealed much about 
the determinants of malignant progression. A panel 
of potential biomarkers identified to date will be as- 
sessed individually and details are presented by 
specific category in Table 1. 

Table 1. Biomarker candidates 

General genomic markers 
Nuclear abberrations 
(micronuclei) 
Chromosomal alterations 

Specific genomic markers 
Proto-oncogene alterations 

Tumor suppressor genes 

Proliferation markers 
Nuclear antigens (PCNA, 
Ki67) 
Thymidine labeling index 

Squamous differentiation 
markers 

Cytokeratins 
Transglutaminase type I 
Involucrin 

Nuclear retinoid receptors 
Retinoic acid receptors 
(RARs) 
Retinoid X receptors 
(RXRs) 

Ras (H-, K-, N-ras) 
ErbB1/EGFR 
PRAD- 1/Cyclin D 1 

p53 
p21 (WAF1/CIP1) 
retinoblastoma gene (rb) 
MTS-1 (p16) 
3p (unidentified) 
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General genomic markers 

Micronuclei 
Micronuclei are chromosome or chromatid frag- 
ments formed in proliferating cells during cell divi- 
sion from chromosome nondisjunction resulting 
from carcinogen-induced DNA damage. They have 
been studied as markers of clastogen exposure. 
Their frequency was widely studied in earlier hu- 
man chemoprevention trials [56-58], and they are 
still widely studied because they are easy to find and 
quantify. In the aerodigestive tract epithelium, they 
form in the proliferating basal cell layer, which gives 
rise to suprabasal cells that migrate to the epithelial 
surface, and they can be detected at relatively high 
frequencies in exfoliated cells of the aerodigestive 
tract of tobacco-exposed individuals. 

A series of pilot trials has shown that micronuclei 
frequency correlates with target-tissue cancer risk 
in smokers, who are at high risk for head and neck, 
lung, esophagus, and bladder carcinomas [57, 58]. 
In studies of high-risk betel users from India and the 
Philippines, Stich et al. found that both retinol and 
beta-carotene suppressed micronuclei frequency in 
more than 90% of the lesions after treatment but 
that rates of clinical response and suppression of 
new lesions differed greatly [57, 59, 60]. A large pla- 
cebo-controlled chemoprevention trial in China re- 
vealed significant site-specific suppression of mi- 
cronuclei (esophageal, not buccal) in subjects re- 
ceiving retinol, riboflavin, and zinc, but no signif- 
icant reduction in the number of premalignant 
esophageal lesions after 1 year of chemopreventive 
intervention [61]. Data from our group [62, 63] sug- 
gest that, over time, retinoids can effectively and 
steadily suppress micronuclei, although we could 
not consistently correlate this with clinical and hist- 
ologic remission [63]. Thus, the presence and fre- 
quency of micronuclei seem to quantitatively re- 
flect ongoing DNA damage and genetic instability. 
However, simple measurements of micronuclei 
cannot accurately summarize the effects of long- 
term carcinogen exposure and cumulative effects of 
genetic change throughout the field. 

Chromosome abnormalities 
The chromosomal and DNA abnormalities seen in 
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Fig. 1. Evidence of chromosome polysomy (i.e., chromosome 9) 
in dysplastic head and neck epithelium. The arrows are pointing 
to cells with three chromosome copies indicating genomic insta- 
bility. 

established tumors of the head and neck [64-66] re- 
flect multiple genetic events. Up to now, most stud- 
ies of these abnormalities have been done in cell 
lines derived from tumors or subjected to short- 
term culture. Unfortunately, this method of study 
subjects the results to the influence of cell culture 
conditions, particularly through the preferential 
outgrowth of certain cellular clones and the acquisi- 
tion of ex  v i v o  chromosomal changes [67]. Further- 
more, solid-tumor cytogenetic studies have been 
hampered by the low frequency of mitotic figures 
from direct preparation, the suboptimal quality of 
chromosome preparation techniques, and the sig- 
nificant complexity of cytogenetic changes [68]. 

Nevertheless, short-term cultures have been use- 
ful in analyzing complex abnormalities such as rear- 
rangements, translocations, amplifications, and de- 
letions. In fact, several nonrandom chromosomal 
alterations have been identified in this way: loss on 
chromosomes 3p, 5q, 8p, 9p, 18q, and 21q [67, 69, 70]; 
gain or amplification at 3q, 5p, 7p, 8q, and 11q13 [67, 
63-71]; and breakpoints at lp36, 3@1, 5p14, 7p13, 
9q32, and lq13 [71]. However, few karyotypic 
changes in premalignant tissues of the aerodiges- 
tive tract have been identified [72, 73]. 

This is changing, thanks to ISH and comparative 
genomic hydribization (CGH). Recently, ISH tech- 
niques have allowed the direct visualization of 
chromosomal abnormalities in interphase cells [74, 
75]. They have also been applied to many tumor cell 

lines and dissected tumor material [76], as well as 
paraffin-embedded tissue sections, in combination 
with chromosome-specific DNA probes, and en- 
zyme-mediated immunohistochemical procedures 
[43, 77-79]. 

As noted above, we have already used ISH to 
study head and neck tumor samples containing ad- 
jacent normal and premalignant epithelium. In 
brief, we subjected samples to nonisotopic ISH with 
specific centromeric DNA probes for chromosomes 
7 and 17 to determine (a) the stage of the multistep 
tumorigenic process at which the specific numerical 
chromosome changes can be detected and (b) 
whether histologic progression is accompanied by 
accumulation of genetic alterations [43]. Polysomy 
was defined as the presence of 3 or more copies of a 
chromosome/cell (Fig. 1). We found that polysomy 
increased from 35% to 90% of the cases as tissue 
moved from normal epithelium adjacent to tumor 
through premalignant lesions to squamous cel car- 
cinoma. These results strongly support the multis- 
tep tumorigenesis theory and make polysomy a use- 
ful genetic biomarker of accumulated genetic dam- 
age or instability and ongoing genetic damage. We 
have subsequently shown that in individuals with 
leukoplakia or erythroplakia, increased degree of 
chromosome abnormalities in the lesions have a 
higher risk of developing oral cancers [80]. Interest- 
ingly, half of these tumors occurred away from the 
initial biopsy site, further proof of field canceriza- 
tion and that genomic instability in one part of a 
field increases risk for the rest of the field. 

Together, ISH and CGH have revealed much 
about chromosomal abnormalities as biomarkers. 
Both techniques yield specific information regard- 
ing chromosome amplification and have the advan- 
tage of application in primary tumor materials. 
CGH allows differentially labeled tumor DNA and 
normal reference DNA to be hybridized simultane- 
ously with normal metaphase spreads. Deletions or 
amplifications are seen as changes in the ratio of the 
intensities of the two fluorochromes along the tar- 
get chromosomes [81]. CGH analysis of 13 head and 
neck tumors identified deletions in the consensus 
regions of chromosomes 3p, 5q, and 19, whereas fre- 
quently occurring overpresentations were observed 
in 3q and 5p. Moreover, three tumors had high 



levels of amplification that were mapped to 
3q26~qter and four demonstrated a relative over- 
presentation of 11q13, the region that harbors the 
PRAD1/cyclin D1 gene [82]. 

Besides ISH and CGH, new polymerase chain re- 
action (PCR)-based techniques have allowed spe- 
cific analysis of DNA from even minute specimens 
and identification of altelic losses or deletions that 
mark the inactivation of certain tumor suppressor 
genes. This is especially useful in studying the inac- 
tivation of recessive oncogenes. Such inactivation is 
thought to be a two-step process frequently involv- 
ing a point or small mutation in one allele and loss of 
genetic material through rearrangement or dele- 
tion of the other [83]. Restriction fragment length 
polymorphism (RFLP) and, more recently, micro- 
satellite markers (small highly polymorphic DNA 
repeated units that occur throughout the human ge- 
nome) have greatly facilitated allelotyping [84]. By 
identifying regions of loss of heterozygosity (LOH) 
at 3p, 5q, 9p, 11q, 13q, and 17p, Ah-See et aL [85] and 
Nawroz et al. [86] have comprehensively allelo- 
typed primary head and neck squamous cell carci- 
noma. 

LOH on 3p has been inferred from statistical ana- 
lyses of RFLP [87, 88], and LOH and deletions of 3p 
have been implicated in different types of lung can- 
cer [89-91]. Yet, despite the existence of several 
candidate genes [92], there is still no definitive evi- 
dence of a tumor suppressor gene on 3p. Several 
studies have suggested that this region of loss is 
more complex because of the possible overlap of 
three distinct but juxtaposed suppressor regions 
[93, 94]. Chromosome 5q, near the APC/MCC lo- 
cus, which is involved in colorectal carcinoma, 
esophageal, and breast cancer [97], contains the 
most common region of loss in head and neck squa- 
mous carcinoma. Though this implies a much 
broader role for this locus in the development of 
squamous carcinoma as well as adenocarcinoma, 
mutation analysis of candidate genes on 5q is need- 
ed. The striking finding of LOH on chromosome 
9p21-22 in human tumors is consistent with previ- 
ous reports of a putative suppressor gene near the 
interferon locus [98]. Furthermore, homozygous 
deletion of this region has been previously implicat- 
ed in the progression of many human neoplasms, 
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including brain tumors [99], melanoma [100], blad- 
der cancer [101], and lung cancer [102]. Contained 
within this region is a cell-cycle gene called p16 
(MTS-1 or CDKN-2). 

Chromosome 11q is implicated in head and neck 
squamous cell carcinomas because of the putative 
involvement of the cyclin D1 gene, and LOH on 11q 
may in fact represent amplification [103-105]. LOH 
on 13q occurs in more than 50% of these tumors and 
is commonly associated with inactivation of the ret- 
inoblastoma gene (Rb). However, immunohisto- 
chemical analysis has revealed Rb inactivation in 
only a small percentage of tumors with loss of 13q 
[106], suggesting that further mapping may reveal a 
second tumor suppressor gene nearby. 

Clearly, some tumor suppressor genes have been 
localized on affected chromosomes, but many 
others have not. Thus, the fine mapping of allelic 
losses may lead to the characterization of these un- 
known tumor suppressor genes. If so, then this will 
reveal more about the multistep process as well as 
the biological and clinical behavior of these neo- 
plasms. 

Specific genetic markers 

Proto-oncogenes 

Ras 

The ras genes [H-ras, K-ras, and N-ras] encode 21- 
kDa guanosine-triphosphate (GTP)-binding pro- 
teins (p21 raS) that attach to the inside of the cell 
membrane and transduce molecular signals to the 
nucleus. The p21 proteins have intrinsic GTPase ac- 
tivity that eventually leads to their own inactiva- 
tion. This inactivation is greatly enhanced by the 
GTPase-activating protein, which binds to the ras 
gene transduetional domain (or effector domain of 
p21) [107]. 

Nearly all relevant ras mutations occur in codons 
12, 13, or 61 [108], and 10-15 % of all human cancers 
harbor such mutations. H-ras mutations mainly oc- 
cur, though at low frequency, in thyroid and bladder 
cancer [109, 110]. N-ras mutations mainly occur in 
malignancies of the hematopoietie system [108]. K- 
ras mutations are mainly found in adenocarcino- 
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mas, i.e., pancreatic cancer [111], colorectal cancer 
[112], and lung adenocarcinomas [113] (their inci- 
dence in other histologic types of lung cancer is low 
[114]). Almost all of these mutations in lung adeno- 
carcinomas occur in smokers and imply a worse 
prognosis. The majority of mutations at codon 12 
K-ras is guanine to thymine transversion resulting 
possibly from the nature of the carcinogens [113]. 

Few ras mutations have been identified in pri- 
mary head and neck tumors [115-117]. Furthermore, 
they are rare in oral squamous cell carcinomas in 
whites. Interestingly, however, ras (H-ras) muta- 
tions were frequent in oral carcinomas in an Indian 
population of tobacco (quid) chewers. This discre- 
pancy is difficult to explain, assuming the common 
carcinogen. Perhaps it is due to the longer exposure 
of mucosa to concentrated levels of carcinogens in 
chewers versus smokers or to the different strains or 
species of tobacco used [118]. In addition, the dis- 
crepancy in incidence of ras mutations between 
head and neck and lung cancer may be partially due 
to the predilection of K-ras mutations for adenocar- 
cinomas. Kuo et al.'s comparative study of p21 r"~ ex- 
pression in adjacent sections of oral squamous cell 
carcinomas, epithelial dysplasias, hyperkeratoses, 
and normal oral mucosae revealed positive staining 
in 16.7 % of mucosae; this progressively increased to 
92.2% of squamous cell carcinomas [119]. Further- 
more, Kuo et al. found that p21 ras expression was 
significantly associated with smoking habits and 
daily or total betel quid consumption [119]. 

Epidermal Growth Factor Receptor (EGFR) 
Epidermal growth factor (EGF) is a potent mito- 
genic polypeptide that stimulates proliferation of 
target cells through interaction with its surface re- 
ceptor, EGFR,  a 170-kDa transmembrane glycosy- 
lated phosphoprotein with tyrosine kinase activity 
encoded by the ErbB1 oncogene of the avian eryth- 
roblastosis virus [120]. E G F R  also mediates signal 
transduction for transforming growth factor-cz 
(TGF-~x) [121]. Activation of the E G F R  kinase re- 
suits in both autophosphorylation and phosphory- 
lation of tyrosine residues of several proteins in vit- 
ro [122-124]. 

Evidence for the role of E G F R  in tumorigenesis 
is provided by the observation that, when it or one 
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Fig. 2. Quantitation of EGFR expression during tumorigenesis. 
Note that each line represents each sample's relative staining in- 
tensity of EGFR expression in different histologies. Overall 
sample numbers were 4 control epithelia, 28 normal epithelia ad- 
jacent to tumor (ANL), 15 hyperplasia (HYP), 24 dysplasia 
(DYP), and/or 36 squamous cell carcinomas (SCC). Note also 
that two samples of SCC show lower EGFR expression than 
their premalignant counterparts (from Shin DM, et al.: Cancer 
Res 54: 3153-3159, 1994). 

of its ligands E G F  or TGF-a is overexpressed in 
transfected cells, it results in malignant transforma- 
tion [125]. EGFR gene amplification and/or over- 
expression has been found in head and neck squa- 
mous cell carcinomas and their cell lines [126-129] 
some of which also produce TGF-c~ [127]. In a ham- 
ster model of oral carcinogenesis the development 
of tumors is associated with increased E G F R  ex- 
pression [130]. 

Now, there is even further evidence that EGFR 

overexpression is one of the early events in the mul- 
tistep process that leads to head and neck carcino- 
mas [131, 132]. In particular, Grands and Tweardy 
[131] have measured the frequency of increased 
TGF-~ and E G F R  mRNA production in normal- 
appearing mucosae from head and neck cancer pa- 
tients versus normal mucosae from controls. They 
found that E G F R  expression increased an average 
29-fold in most normal-appearing mucosae (91% of 
samples) of head and neck cancer patients and an 
average 69-fold in most tumor specimens (92% of 
the samples) compared with the normal mucosa of 
nonsmokers. Our own group examined tissue speci- 
mens from head and neck cancer patients contain- 
ing adjacent normal-appearing mucosae and/or 
premalignant lesions, using anti-EGFR monoclo- 
nal antibody by immunostaining and computerized 



microscopic image analysis [132]. The relative stain- 
ing intensity to EGFR was two fold higher in hist- 
ologically normal epithelium adjacent to the tu- 
mors than in normal control epithelium from non- 
smokers. Furthermore, EGFR expression in- 
creased with histologic progression, particularly, 
between dysplasia and squamous cell carcinoma, 
suggesting that upregulation of EGFR expression 
was involved in the multistep process of tumorige- 
nesis (Fig. 2). 

Although the abnormal expression of EGFR in 
carcinogen-exposed epithelium may be part of a re- 
generative process, there is evidence that it coexists 
with or results from abnormal genotypic changes 
(i.e., genomic instability). The proof lies in the simi- 
lar patterns of increased chromosome 7 and 17 poly- 
somy during histologic progression [43]. Therefore, 
the stepwise increase of EGFR expression, in con- 
cert with genomic instability, may interfere with 
normal growth regulation and thus play a role in 
head and neck tumorigenesis. 

PRAD-1 (CCND1) 
Cytogenetic analysis of head and neck squamous 
cell carcinomas has identified frequent abnormal- 
ities at llq13, including rearrangements and the 
presence of homogeneously staining regions [65]. 
Interestingly, molecular studies have shown that 
some genes in this region (int-2, hst-1, gst-n, and 
bcl-1) are amplified in 30-50% of head and neck 
cancers [103, 104, 133]; thus, these genes may take 
part in the development and/or progression of these 
tumors. However, in spite of their amplifications, 
no mRNA expression of int-2, hst-1, or bcL1 genes 
have been consistently demonstrated in fresh head 
and neck tumors or cell lines [96,134]. The int-2 and 
hst-1 genes encode fibroblast growth factors [135], 
while bcl-1 gene is activated by the t(11;14) translo- 
cation in some B-cell lymphomas/leukemias [135]. 

PRAD-1, a gene on 11q13, originally isolated as a 
gene overexpressed by juxtaposition to the para- 
thyroid hormone gene on 11p15 in parathyroid ade- 
nomas [136], lies between the bcl-1 gene (telomeric) 
and hst-1 and int-2 genes (centromeric) [105]. To- 
gether, these four genes form an amplicon implicat- 
ed in the pathogenesis of different human carcino- 
mas [136, 137]. PRAD-1 encodes cyclin D1, which is 
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committed to controlling the cell cycle at the GeS 
transition by interacting with the Rb gene product 
[139, 140, 141] and by binding and activating cdk-4 
and cdk-6 kinases [136, 142]. pRb and cyclin D1 
seem to be two components of the same pathway 
since cells whose pRb has been inactivated through 
mutations or complexing to DNA virus oncopro- 
teins no longer require cyclin D1 expression to pro- 
gress through the cell cycle [143, 152]. Cells that 
overexpress cyclin D1 proliferate abnormally, have 
a shorter G~ phase, and depend less on growth fac- 
tors [140, 144]. Transfection studies have shown that 
PRAD-1 may also function as an oncogene in coop- 
erating with other oncogenes in cellular transfor- 
mation: though it might not help initially transform 
squamous cells, it may confer some growth advan- 
tage to cells already transformed [145]. 

PRAD-1 is amplified and overexpressed in breast 
and squamous cell carcinomas [105,134] and ampli- 
fied in approximately 30-50% of primary head and 
neck cancers [139, 146]. Its amplification has been 
correlated with high cytologic grade, infiltrative 
growth pattern, hypopharyngeal site, and lymph 
node involvement in recent studies [139, 146, 147]. 
Its overexpression has been associated with a more 
rapid and frequent recurrence of head and neck 
squamous cell carcinomas, resulting in shortened 
disease-free and overall survival in operable pa- 
tients [147]. The same study showed a high correla- 
tion between amplification and overexpression of 
the gene, indicating that amplification might be the 
main mechanism of gene activation in these tumors. 
However, other studies suggest alternative mecha- 
nisms such as translocations, mutations in the gene 
regulatory regions, or mRNA stabilization [136, 
138, 149]. 

To identify the region amplified, we studied head 
and neck squamous cell lines and the tissue sections 
from which they were established using ISH, a cos- 
mid probe for the int-2 gene, and a total chromo- 
some 11 painting probe. One line showed no ampli- 
fication, but three did: on chromosome 11 distal to 
the single copy gene in two and on another chromo- 
some in the third. Int-2 probing of paraffin sections 
containing adjacent premalignant lesions revealed 
two cases of amplification in dysplastic lesions and 
one case of amplification at the hyperplasia-to-dys- 
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Fig. 3. (A) Squamous carcinoma of the head and neck. (B) Heterogeneous expression of p53 protein in the same tumor specimen. (H 
indicates high p53 and L shows low p53 expression.) 

plasia transition. Together, these results suggest 
that int-2 can be amplified in premalignant lesions 
before tumor development [150]. But the implica- 
tions for head and neck tumorigenesis need to be 
further investigated. 

Tumor suppressor genes 

p53 
The p53 gene, which maps to the short arm of chro- 
mosome 17(17p13), encodes a nuclear protein. This 
protein induces cell-cycle arrest at the G~ check- 
point, allowing DNA repair or induction of cell 
apoptosis in response to genotoxic damage. It also 
functions as a 'guardian of the genome' [151]. 

Many types of p53 alterations (rearrangements, 
deletions, insertions, and point mutations) have 
been observed in a wide variety of cell lines and tu- 
mors, the most frequent being point mutations pri- 
marily in exons 5-8. Consequently, p53 mutation 
patterns have been analyzed to identify specific 
changes associated with particular carcinogens 
[152]. So far, investigators have found frequent p53 
inactivation in head and neck squamous cell carci- 
nomas [153-155], slightly less frequent inactivation 
in dysplasias [156], and more frequent mutation in 
smokers and drinkers, versus nonsmokers and non- 
drinkers [157]. Moreover, CpG mutations (endoge- 
nous mutation site) have proved rare in smokers 
and drinkers, while they constituted all of the muta- 
tions found in nonsmokers and nondrinkers. Final- 

ly, cigarette smoking has been linked to p53 muta- 
tions at nonendogeneous sites (most commonly 
GC-TA and CG-AT), thus providing molecular 
evidence for the well-known epidemiologic associ- 
ation between smoking and head and neck cancer. 

Stabilization of the mutant p53 protein allows its 
immunohistochemical analysis in tissues, while 
wild-type p53 protein is usually undetectable or low 
(Fig. 3). Immunocytochemistry has detected abnor- 
malp53 in approximately half of head and neck can- 
cer specimens examined. Interestingly, p53 is often 
abnormally expressed in histologically normal epi- 
thelium (adjacent to tumors) (25% of cases) more 
frequently in dysplastic epithelium adjacent to tu- 
mors (45%) [158]. This gradual increase of p53 ex- 
pression from normal tissue to squamous cell carci- 
nomas supports the hypothesis of multistep tumori- 
genesis (Fig. 4). 

The pathophysiological consequences of losing 
p53 function are not well understood. For example, 
such a loss in sun-exposed skin can lead to the out- 
growth of cell clones that resist damage-induced 
apoptosis [159]. This means that genetically altered 
cells accumulate more rapidly with continued expo- 
sure to carcinogens and explains the recent finding 
that p53-positive premalignant lesions adjacent to 
tumors have higher levels of chromosome polyso- 
mies than p53-negative lesions [160]. 

Two recent studies of p53 mutation strongly ar- 
gue for a multifocal, polyclonal process of tumori- 
genesis. One found frequentp53 mutations in initial 
head and neck cancers and second primary tumors 



of the aerodigestive tract [161], in all cases, the mu- 
tation sites differed between initial and second pri- 
mary tumors, strongly suggesting a different clonal 
origin for the initial and second primary tumors. 
This confirmed an earlier study finding of distinct, 
multifocal cells expressing aberrantp53 in distal ep- 
ithelia of head and neck cancer patients [162]. 

Obviously, p53 mutations are promising bio- 
markers. To determine how p53 alterations in at- 
risk tissue might affect clinical outcome, we pros- 
pectively assessed cancer-free patients with prema- 
lignant oral lesions for p53 protein accumulation 
and evaluated the response to 13-cis retinoic acid 
(13cRA) [163,164]. Retinoids can apparently mod- 
ulate p53 mRNA and protein levels associated with 
carcinogenesis in certain in vitro systems [165]. We 
found that 89% of premalignant lesions expressed 
p53, while 8 controls from healthy nonsmokers did 
not. Levels of p53 protein accumulation increased 
with histological progression. A significant correla- 
tion between levels of p53 protein accumulation 
and lesion resistance to 13cRA therapy was found. 
This finding is possibly explained by the fact that 
cells that have lost wild-type p53 function may not 
undergo apoptosis with 13-cRA therapy. However, 
there was no modulation of p53 protein expression 
by 13-cRA therapy. P53 alterations may be a valua- 
ble marker for indentification of individuals at high 
risk of developing resistance in chemoprevention. 
We also found that patients with p53-positive tu- 
mors had shorter survival than those with p53-nega- 
tive tumors, mainly due to the earlier and more fre- 
quent development of second primary tumors [166]. 
Additionally, p53 alterations may help possibly tar- 
get patients for gene therapy [167]. 

p53 and cyclin D1 represent mechanistically inde- 
pendent growth regulatory systems in head and 
neck cancer, which when altered, both abrogate Gj 
regulatory events [168]. The existence of a subset G] 
of tumors with alteration of both genes supports the 
notion that concomitant inactivation of both regu- 
latory pathway selectively enhances tumor growth 
[169]. The cyclin D1/pRb pathway includes at least 
two tumor suppressor genes (pRb and p16/ 
CDKN2) and at least one proto-oncogene (cvclin 
D1) and may turn out to be as important as the p53/ 
p21 pathway in carcinogenesis. Ongoing research is 

63 

0.5 

u. 0.41 0 

~N 0.3 Z ~  
~llll 
O K  _za. 

CONT 

L 

I I, T 

ANL HYP DYP SqCC 

Fig. 4. Quantitation of p53 expression in positively p53 expressed 
samples during head and neck tumorigenesis. Note that the nor- 
mal epithelium adjacent to tumor (ANL) showed higher p53 ex- 
pression than normal control epithelium (CONT) (P = 0.053) 
and increased further to hyperplasia (HYP) (P = 0.038) and dys- 
plasia (DYP). From dysplasia to squamous cell carcinoma 
(SqCC), p53 increased dramatically (P < 0.001) (from Shin DM, 
eta/.: Cancer Res 54:321 326, 1994). 

addressing the role of these complex genetic events 
that might complement the effects of p53 providing 
the ultimate selective growth advantage to cells. 

p21W~rlJclpl 
The ability of p53 to activate transcription of specif- 
ic sequences suggests that the genes it induces may 
mediate its biological role as tumor suppressor. 
One such highly induced gene is p21 wAFvcw[ (so 
named for the simultaneously but separately cloned 
wild-type p53-activated fragment-1 [WAF1] and 
cdk-interacting protein-1 (CIP-1]) [170, 171]. 
p21 waw~cw~ is directly regulated byp53 and can itself 
suppress tumor cell growth in culture by inhibiting 
cyclin-dependent kinases and inducing G~ arrest or 
apoptosis. However, expression of the gene prod- 
uct can also occur independently of p53, such as 
during the Myo-dependent formation of myotubes 
from myoblasts [172-174]. P53 independent induc- 
tion ofp21 wAH/c~m occurred also in breast carcinoma 
and prostatic carcinoma cell lines treated with lo- 
vastatin [1751 and in human prostate carcinoma cell 
lines treated with all-trans retinoic acid (aTRA) 
and 9cRA [176] among others. Transfected 
p21 wAH~c[P~ inhibits growth of both human tumor 
cell lines [170] and normal diploid fibroblasts [171]. 
hz vitro, p21 wAvl/c~m complexed with the proliferat- 
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ing call nuclear antigen (PCNA) can inhibit DNA 
replication [177]. 

Mutations within the coding portion of the WAF1 

gene were undetectable in a large series of human 
tumors, suggesting that WAF1 mutations per se may 
not play an important role in the onset or progres- 
sion of these malignancies [178]. The expression of 
p21 wAw/cw~ in adult human tissues has been exam- 
ined in a variety of tissues [179]. In colonic epitheli- 
um there was a topological correlation inp21 wAw/cw~ 

immunostaining, with staining observed in the up- 
per half of the colonic crypts, located thus 
p21 wAH/clpl expression in the post-proliferative 
compartment [180, 181]. The same team of investi- 
gators extended their observations with study of 
p21 wAH/¢wl expression in colorectal adenomas and 
carcinomas, and found a global decrease and loss of 
the distinct compartmentalization of this protein. 
The results suggest thatp21 wAw/cw~ alterations seem 
to be a relatively early event in the neoplastic pro- 
cess in this tumor. In head and neck squamous carci- 
nomas there has been little evidence for implication 
of p21 wAw/cIP~ in the tumorigenesis process, but re- 
search in relation to other relevant genes in this tu- 
mor is currently ongoing in our laboratory and 
others. 

MTS1 
Within the 9p21 region lies a putative tumor sup- 
pressor gene, pl6/MTS1/CDKN2, that encodes a 
cell-cycle regulator protein p16. This protein nega- 
tively controls cell proliferation by binding to cdk4 
and thus inhibiting the interaction of the cyclin D- 
cdk4 complex with pRb [182, 183]. This links cyclin 

D-cdk4 and pRb in a common pathway, where loss 
of p16 may lead to uncontrolled cell growth and ac- 
celerate the carcinogenic process. 

Interestingly, several recent studies have demon- 
strated homozygous deletion of the 9p21 region in a 
variety of neoplasms including leukemia, bladder 
cancer, glioma, melanoma, and lung cancer [100, 
101,184]. Allelic losses at the 9p21-22 locus also oc- 
cur frequently in head an neck squamous cell carci- 
nomas and just as frequently in early preinvasive le- 
sions (including dysplasia and carcinoma in situ) 
[185]. This provides strong molecular evidence for 
the early inactivation of a putative tumor suppres- 

sor gene on 9p leading to initiation or early progres- 
sion of head and neck cancers. Sequence analysis of 
the p16 gene in primary head and neck cancers that 
have lost chromosome 9p has revealed very rare 
point mutations [186-188]. This suggests that some 
mutations might escape detection, an alternative 
mechanism for inactivation of this gene, or that a 
second suppressor locus resides within the critical 
region of 9p21 in head and neck cancers. Several 
factors may contribute to the apparent discrepancy 
between homozygous deletions and loss of expres- 
sion of the p16 gene [188]. First, MTS1 may be a co- 
dominant tumor suppressor, with loss of one copy 
contributing to deregulated cell proliferation. Sec- 
ond, hypermethylation of a 5' CpG island of p16 
may transcriptionally silence the full-length p16, as 
seen in lung and head and neck cancers, glioma cell 
lines, and fresh tumors without deletions or muta- 
tions [189]. The potential mechanism(s) for inacti- 
vation of the gene function as well as the exact role 
of the gene in the multistep head and neck tumori- 
genesis process need to be further studied. 

Proliferation markers 

Proliferating cell nuclear antigen (PCNA), a cofac- 
tor of DNA polymerase 8, plays a critical role in the 
initiation of cell proliferation [190, 191]. It is one of 
the cell-cycle-regulated proteins in the DNA repli- 
cation complex whose expression is associated with 
the late G~-S and early G2 phases [192]. Since prolif- 
eration is thought to be an early marker of disor- 
dered cell growth, it has been hypothesized that 
proliferation increases as premalignant lesions be- 
come more advanced and that the distribution of 
proliferating cells in tissue may reveal the regulato- 
ry mechanisms that function abnormally during the 
multistep process. 

PCNA seems to be a useful biomarker in the mul- 
tistep tumorigenesis process. Using immunohisto- 
chemical staining we assessed the proliferative 
changes during tumor development in a series of 
head and neck cancer samples containing the whole 
spectrum of premalignant lesions [193]. Our chief 
finding was a fourfold increase in PCNA expression 
in the basal layer, extending to the suprabasal layer 



in normal epithelium adjacent to cancers, versus 
low expression confined to the basal layer in the 
normal control epithelium of nonsmokers (Table 
2). PCNA expression and thus dysregulation of pro- 
liferation increased as tissue progressed from adja- 
cent normal epithelium to squamous carcinoma. 
Huang et al. studied PCNA expression in 169 oral 
epithelial lesions, including carcinoma in situ, dys- 
plasia, epithelial atypia and hyperplasia [194]. They 
found a significant predilection for basal or supra- 
basal staining in premalignant or malignant lesions 
versus strictly basal staining in normal epithelium. 
Other studies by Gorgoulis et al. and Girod et al. 
have found a positive correlation between immuno- 
histochemical p53 expression and PCNA expres- 
sion in premalignant and malignant lesions [195, 
1961. 

Squamous  cell differentiation markers 

Unlike skin epithelium, the aerodigestive tract does 
not undergo squamous differentiation under nor- 
mal physiologic conditions. However, it does differ- 
entiate along the squamous pathway during carci- 
nogenesis [197]. In fact, over 90% of oral cavity tu- 
mors are squamous cell carcinomas [5]. Conse- 
quently, some preclinical and clinical studies have 
focused on markers of differentiation in the oral 
cavity, especially cytokeratins, involucrin, and 
transglutaminase I. 

Cytokeratins 

The cytokeratins, a family of at least 19 intermedi- 
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ate-size filaments, are good squamous differentia- 
tion markers because (a) they are expressed in dif- 
ferent combinations in various human epithelial tis- 
sues and (b) their pattern of expression correlates 
with distinct types of epithelial differentiation [198]. 
Their expression patterns are greatly altered in vit- 

ro and in vivo during vitamin A deficiency, ciga- 
rette-smoke exposure, and carcinogenesis [199, 
2001. The most useful markers seem to be keratin 1 
(K1) and keratin 19 (K19): K1 because it marks car- 
cinogenic changes in oral epithelia except in the gin- 
giva, where it occurs normally, and K19 because its 
expression is increased and extends to suprabasal 
layers of epithelium in premalignant and malignant 
lesions [201]. 

Gimenez-Conti et al., in studies with a monospe- 
cific antibody for K1, found that K1 expression in- 
creased during 7,12-dimethyl-benz(a)anthracene 
(DMBA)-induced oral carcinogenesis in the ham- 
ster cheek pouch in vivo [202]. The normal hamster 
cheek pouch epithelium, like human buccal muco- 
sa, does not express K1, whose expression seems to 
be limited to hyperplastic cells in this model. Cop- 
per et al. [203], attempting to define markers of sub- 
sequent invasive squamous cell carcinoma, investi- 
gated different cytokeratin profiles using monoclo- 
nal antibodies to cytokeratins 8, 10, 13, and 19 and 
other monoclonal antibodies designated K931, 
K984, E46, Ki67, and UMA9. (Except for Ki67 all 
these monoclonal antibodies recognize epithelial 
differentiation antigens.) They found that K19 ex- 
pression increased more than 3-fold in normal-ap- 
pearing exfoliated mucosa versus controls. K19 is 
normally present in small amounts in the basal layer 

Table 2. Labe l ing  index  of P C N A  express ion  

His to logy*  Labe l ing  index,  mean  _+ SE** 

Basal  layer  Parabasa l  layer  Superf ic ia l  layer  Overa l l  

NC (N - 6) 0.06 +_ 0.0l 0.07 _+ 0.(12 0 0.04 _+ 0.01 

A N L  (N = 25) 0. I t i 0.01 0.22 i I).02 0.06 i 0.01 0.13 _+ 0.01 

H P  (N - 13) 0,29 + 0.04 0.54 + 0.1)4 0.12 i 0.02 0.32 + 0.03 

DP  (N = 22) 0.55 _+ 0.04 0.68 _+ 0.03 (/.22 _+ 0.02 0.48 + 0.03 

SCC (N - 33) NA NA N A  0.76 + 0.02 

* NC - no rma l  control :  A N L  = norma l  ep i the l ium adjacent  to t u m o r  cells: HP  - hyperp las ia :  DP  = dysplas ia :  SCC = s q u a m o u s  cell  
ca rc inoma.  

N A  = not  appl icable .  (F rom Shin DM: J Natl Cance r  Inst 85:971 798, 1993.) 
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of noncornifying regions of oral epithelia, but in 
premalignant lesions as well as squamous cell carci- 
nomas, its expression is increased and extends to su- 
prabasal layers [201]. Cooper's study extends this 
observation to normal-appearing 'condemned' mu- 
cosa. The high level of K19 expression might reflect 
a failure of maturation since there is an inverse rela- 
tionship between the cellular levels of the terminal 
differentiation marker, involucrin [201], and K19. 

lnvolucrin and transglutaminase I 

Involucrin is produced during squamous differen- 
tiation in epidermis in vivo and in cultured kerati- 
nocytes and tracheal cells. Because it cross-links ex- 
tensively with the membrane-associated enzyme 
type I transglutaminase, involucrin and transgluta- 
minase I levels both increase during squamous dif- 
ferentiation [204, 205]. As immunohistochemical 
staining has shown, involucrin is expressed in the 
superficial layer of normal and hyperplastic oral 
and laryngeal epithelia, but throughout the thick- 
ness of the epithelium (including the basal and su- 
prabasal layers) in dysplasias and squamous cell 
carcinomas in irregular and focal fashion [206,207]. 
Furthermore, while involucrin staining is consis- 
tently strong in human premalignant oral lesions in 

vitro, immunoreactivity for transglutaminase I in- 
versely correlates with the degree of dysplasia sug- 
gesting uncoupling of the keratinocyte program- 
ming [207]. 

Because aerodigestive tract epithelia differen- 
tiate along the squamous pathway in carcinogenesis 
and because retinoids inhibit this abnormal differ- 
entiation in vitro [207, 208], the effect of retinoids 
on the markers K1, involucrin, and transglutami- 
nase I has been studied. Lippman et al. studied the 
effect of retinoids on marker expression and mod- 
ulation as part of a two-phase trial of 13-cRA treat- 
ment in these oral leukoplakia [209]. They found 
that the pattern of staining was homogeneous in su- 
prabasal layers at early stages (hyperplasia) but 
heterogeneous with basal layer extension at later 
stages (dysplasia) of carcinogenesis. Early results 
suggest that 13cRA may suppress the abnormal ex- 
pression of squamous markers in as many as one 
third of lesions [209]. 

Genetic susceptibility markers 

Since only a fraction of individuals exposed to to- 
bacco develops smoking-related cancers, genetic 
predisposition might play an important role in tu- 
mor formation [210]. Indeed, as Sellers et al. and 
Harris have shown, almost every phase of the mul- 
tistage process of carcinogenesis can be modified by 
genetically determined or acquired differences in 
modulation of carcinogenic exposures [210, 211]. 
One of the factors that determine an individual's 
risk is how their cells interact with carcinogens (e.g., 
activate procarcinogens), including how they repair 
carcinogen-induced DNA damage and how fast 
these cells accumulate genetic abnormalities. 

Cytogenetic assays in peripheral blood lympho- 
cytes have been extensively used to survey expo- 
sure and response of humans to genotoxic agents 
because it is thought that genetic changes observed 
in lymphocytes reflect critical events in the carcino- 
genesis in the affected tissues [212]. One such assay 
measures the frequency and number of in vitro ble- 
omycin-induced breaks to gauge mutagen sensitiv- 
ity [213]. As demonstrated in two case-control stud- 
ies by Spitz et al., in vitro bleomycin-induced sensi- 
tivity (defined as > 0.8 chromosome breaks/cell) 
and hypersensitivity (> 1.0 breaks/cell) are inde- 
pendent risk factors for head and neck cancers, af- 
ter adjustment for tobacco and alcohol use [214, 
215]. The second study also found that mutagen sen- 
sitivity entails a smoking-adjusted odds ratio of 2.9 
(95% confidence limits 1.5-5.4) [215]. Further anal- 
ysis suggests that (a) cigarette smoking combined 
with mutagen sensitivity multiplies effect and (b) 
individuals prone to develop second primaries have 
the highest degrees of mutagen sensitivity [216, 
217]. Interestingly, bleomycin-induced breaks are 
not randomly distributed in patients with head and 
neck cancer but occur most often in chromosomes 3 
(3p21, 3q21) and 7 (7q22, 7q32)~ chromosomal sites 
thought to harbor genes important for tumor devel- 
opment [218]. These same allelic losses have been 
detected in different regions of the tumor fiel& rais- 
ing the possibility that inherent sensitivity also in- 
volves the predisposition of relevant genetic loci to 
instability. A multicenter phase Ill randomized 
chemoprevention trial to prevent SPTs involving 



more than 1000 patients is ongoing through M.D. 
Anderson Cancer Center and its affiliated Commu- 
nity Clinical Oncology Group (CCOG) and the Ra- 
diation Therapy Oncology Group (RTOG). This 
study should establish the definite role of mutagen 
sensitivity and other biomarkers studied in this set- 
ting. 

Eventually, many biomarkers used in combina- 
tion will be needed to predict the risk of tumor de- 
velopment. These include genes involved directly in 
tumorigenesis (oncogenes and tumor suppressor 
genes), susceptibility genes that control DNA re- 
pair and, phase I and II metabolic enzyme activity 
(CYP2D6, CYP1A1, GSTM1, epoxide hydrolase, 
N-acetyl-transferase), and genes that influence 
rates of cellular proliferation [219]. 

Retinoid mechanisms in chemoprevention 

Retinoids are by far the most studied and most ac- 
tive agents in head and neck cancer chemopreven- 
tion [7, 21, 24, 26,220]. Vast data from epidemiolog- 
ic, in vitro, animal, and human studies indicate that 
these agents are effective inhibitors of early stages 
of carcinogenesis in a number of target tissues [7, 
220-222]. Clinical retinoid trials show that retinoids 
have significant chemopreventive activity in the 
head and neck, lung, bladder, skin, cervix, and ova- 
ry [7, 12, 21, 222-225], presumably due to their 
known regulatory effects on cell differentiation, cell 
proliferation, and apoptosis [226, 227]. Retinoids 
are physiologic regulators of tissue differentiation 
and restore regulation of growth and differentia- 
tion in certain premalignant and malignant cells in 

vitro and in vivo [226]. However, in cultured ker- 
atinocytes and squamous cell carcinomas, retinoids 
inhibit abnormal squamous differentiation [228] 
and reverse keratinization by restoring the ability 
to respond to normal growth control mechanisms. 
Retinoids enhance cellular interactions by restor- 
ing anchorage dependence, enhancing gap junc- 
tional communication, and inducing of integrin ex- 
pression [227]. This enhancement of the interac- 
tions between cells may be important for expres- 
sion of tissue-specific genes and may block the 
tumorigenesis pathway. 
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Their ability to regulate gene expression and in- 
tervene in signal transduction is the most plausible 
mechanism by which retinoids can modulate differ- 
entiation and growth of malignant cells and sup- 
press progression of premalignant lesions. Such 
modulation has been seen in proto-oncogenes, tu- 
mor suppressor genes, and cell-regulatory kinases 
[227], as well as in many cell-surface receptors for 
cytokines and growth factors, with the sum effect of 
subverting growth-stimulatory signals mediated by 
different receptors. They can additionally inter- 
vene in intracellular signaling via second messen- 
gers [227]. To regulate gene expression, they trans- 
mit signals to the cell nucleus. To do so, they bind an 
activate specific nuclear receptors that then bind to 
DNA. 

The nuclear retinoid receptors play a major role 
as ligand-activated DNA-binding proteins in a se- 
ries of events that culminates in the modulation of 
nuclear gene transcription by intraction with re- 
sponse elements in the promoter region of specific 
genes. Two major types of retinoid nuclear recep- 
tors have been identified: RARs and RXRs. Each 
in turn has at least three subtypes: ~, [3, ~,. The ongo- 
ing study of nuclear retinoid receptors has revealed 
clear distinctions among the classes and subclasses 
of receptors in respect to their biologic functions, 
ligand affinities, and tissue distribution [229]. It 
seems that the two receptor classes represent dis- 
tinctly different retinoid response pathways. The 
involvement of RAR-c~ in acute promyelocytic leu- 
kemia [230], RAR-y in teratocarcinoma [231], and 
RAR- ~ in oral carcinogenesis [232] suggests a crit- 
ical role for nuclear retinoid receptors in mediating 
retinoid activity in human neoplastic processes. The 
next step is to assume that abrogation of their func- 
tion or expression results in cancer development. 

Of the retinoid nuclear receptors, RAR-[3 seems 
to play a major role in aerodigestive tract carcinoge- 
nesis [233-235]. One clue is its notable absence in a 
considerable number of head and neck carcinomas 
and lung carcinoma cell lines [235,236]. Another 
clue is the ability of transfected RAR-[3 to suppress 
the tumorigenicity of a human lung cancer cell line, 
thus supporting the hypothesis that links its reduc- 
tion to cancer development [234]. A third clue is the 
progressive and selective loss of RAR-[3 expression 
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at the mRNA level associated with head and neck 
and lung carcinogenic progression [235,237]. Final- 
ly, a fourth clue is the absence of RAR-[~ expression 
in approximately two thirds of oral premalignant le- 
sions, its significant upregulation by isotretinoin 
treatment from 40% to 90% of the cases with corre- 
lation between increased RAR-~ expression and 
clinical response [237]. Thus, RAR-13 seems to be 
the best indicator to date of retinoid chemopreven- 
tive efficacy in humans and thus an excellent bio- 
marker candidate. 

The biomarkers presented here are all associated 
with molecular genetic events and the phenotypic 
changes that characterize field cancerization and 
multistep tumorigenesis in head and neck cancers. 
However, before they can be used as definitive risk 
predictors and intermediate and possibly final end- 
points for trials in the near future, they must first be 
validated through large phase III randomized pre- 
vention trials. 

Conclusion 

There is strong cellular and molecular evidence that 
head and neck tumorigenesis involves field cancer- 
ization and a multistep process. The future success 
of cancer chemoprevention will require studies that 
assess risk and define biomarkers as intermediate 
end points, Biomarker studies may then be used to 
help select patients, evaluate the biologic predictive 
capabilities of biomarkers, and develop novel che- 
mopreventive strategies. At present, important 
clinical chemoprevention studies are ongoing in 
conjunction with biomarker studies in the United 
States and Europe. When these studies are done, 
they should clarify the biological role of chemopre- 
ventive therapy and shed new light on cancer pre- 
vention and control. 
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