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occurring in the duct system, involves the re-absorption of most 
Na+ and Cl- found in the primary fluid, along with the secretion 
of K+ and HCO3

-
. However, in humans, these 2 steps appear to 

be more complicated than is typically considered (Baum et al., 
1984). The ion fluxes leading to saliva formation are mediated 
through multiple ion transporters and channels (Catalán et al., 
2009). Human acinar cells are water-permeable, a result of the 
presence of at least 2 water channels, aquaporin 3 and 5, in their 
plasma membranes (Gresz et al., 2001). Conversely, duct cells 
are considered to be water-impermeable and contain no known 
facilitated water permeability pathway. The final saliva that 
enters the mouth is markedly hypotonic. 

Most protein secreted into saliva originates in acinar cells 
(~80%), with ~20% secreted by duct cells. A small number of 
proteins/protein families constitute the overwhelming majority 
of salivary proteins. These include amylase, mucins, histatins, 
proline-rich proteins, statherin, and cystatin (Oppenheim et al., 
2007). However, >1000 polypeptides have been identified in 
saliva (Denny et al., 2008; Siqueira et al., 2008; Yan et al., 
2009), most in trace amounts. Importantly, when the total mass 
of secreted constituents is considered, very little material enters 
a healthy gland’s saliva from extra-glandular sources, e.g., the 
serum.

The 3 paired major salivary glands (parotid, submandibular, 
sublingual) produce generally similar, but nonetheless unique, 
secretions. As a result of multiple processes, whole saliva, the 
fluid in the mouth, is not the simple sum of these individual gland 
secretions. For example, proteins found in gland saliva can adhere 
to mucosa and the dentition, be subjected to proteolysis or de-
glycosylation, as well as aggregate into complexes (Helmerhorst 
and Oppenheim, 2007). Additionally, whole saliva contains food 
debris and bacterial products, as well as leaking serum constitu-
ents from any diseased tissue present. Thus, depending on the 
purpose, there are several types of saliva that can be collected: 
individual secretions from the major and minor salivary glands, as 
well as whole saliva (Sreebny and Vissink, 2010).

Additionally, saliva can be collected under unstimulated 
(resting) or stimulated conditions, with several means of stimu-
lating secretion. Stimulation, e.g., by 2% citrate, the chewing of 
wax, or sucking on a lemon drop, does not necessarily lead to 
equivalent secretions (Dawes and Jenkins, 1964; Dawes, 1966). 
A further important consideration is the time of collection, since 
there are significant circadian rhythms recognized for both 
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ABSTRACT

Saliva, a biofluid historically well-studied biochemically and 
physiologically, has entered the post-genomic ‘omics’ era, where 
its proteomic, genomic, and microbiome constituents have been 
comprehensively deciphered. The translational path of these 
salivary constituents has begun toward a variety of personal-
ized individual medical applications, including early detection 
of cancer. Salivary diagnostics is a late-comer, but it is catching 
up where dedicated resources, like the Salivaomics Knowledge 
Base (SKB), now have taken center stage in the dissemination of 
the diagnostic potentials of salivary biomarkers and other trans-
lational and clinical utilities.

SAlivA: The Biofluid

S aliva has a critical role in maintaining the health and func-
tion of the upper gastrointestinal tract (Mandel, 1989; 

Amerongen and Veerman, 2002). The secretion of saliva by the 
major and minor salivary glands is tightly regulated through 
neurotransmitter stimulation in what is classically considered to 
be a two-step process (Thaysen et al., 1954; Baum, 1993; 
Catalán et al., 2009). The first step involves secretion of an 
isotonic primary fluid by the acinar cells. The second step, 
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salivary flow rate and composition (Dawes, 1972). These and 
other variables mean that the collection of saliva samples for use 
as a diagnostic fluid must be performed purposefully, and be 
carefully described in subsequent reports, to allow for meaning-
ful interpretation of the analytical information obtained (Dawes, 
1993). Indeed, even the use of standardized collections of gland 
saliva in healthy adults can lead to quite variable results (Fox 
et al., 1987; Ship et al., 1991; Wu et al., 1993).

Given all of these concerns and caveats, it is reasonable to ask 
if examining salivary constituents presents more variability than 
would be found in the analysis of serum. The answer is clearly 
‘no’; however, there has been markedly more study of serum 
composition, and considerably more is known about the normal 
ranges of and reasons for variability in most serum constituents. 
Thus, it seems fair to say that the current value of using saliva as 
a diagnostic fluid depends on the intended purpose. If the purpose 
is to monitor a patient’s general health status, then saliva is not 
now a suitable diagnostic fluid. If, however, the purpose is to ask 
very specific questions unrelated to normalcy, with ‘yes’ vs. ‘no’ 
answers desirable—e.g., Is there evidence of an illicit drug or an 
existing pathological process present?—then using saliva as a 
diagnostic fluid may be quite suitable.

The SAlivA PRoTeoMe

Different approaches are required to compile a comprehensive 
catalogue of proteins, due to the variability of the sources and 
the composition of human saliva. Mass spectrometry (MS)-
based methods are of greatest utility since they are unbiased, 
requiring no prior knowledge of protein composition. Several 
groups have reported data that they generated by applying these 
types of approaches to the analysis of saliva, with different 
groups concentrating on different aspects of the saliva pro-
teome, resulting in the identification of various numbers of 
proteins. Many of these investigators used samples of whole 
saliva, which, in addition, to secretions from the parotid and the 
submandibular/sublingual (SM/SL) glands, contains the protein 
products of the cells that comprise the oral cavity as well as 
contributions from micro-organisms (Wilmarth et al., 2004; 
Vitorino et al., 2004; Huang, 2004; Hu et al., 2005; Guo et al., 
2006). Other investigators have focused on salivary-gland- 
specific secretions. For example, 2D SDS-PAGE separation fol-
lowed by MS identification was used to characterize parotid, 
SM, SL, and/or SM/SL saliva collected as ductal secretions (Hu 
et al., 2004; Hardt et al., 2005; Walz et al., 2006). Other inves-
tigators focused on pellicle components, the subset of proteins 
that adhere to the tooth surface (Yao et al., 2003; Vitorino et al., 
2006). The National Institute of Dental and Craniofacial Research 
(NIDCR) funded an effort to compile a catalogue of human 
salivary proteins that involved three teams of investigators—
The Scripps Research Institute/University of Rochester, The 
University of California, Los Angeles/University of Southern 
California and The University of California, San Francisco— 
with the vision that this catalogue will serve as a valuable 
resource in the investigation of proteins with unknown functions 
in saliva, as well as an initial step in the development of saliva-
based diagnostic tests (Denny et al., 2008).

functional Characterization of Salivary Proteins

The investigators searched parotid and SM/SL proteins against 
the gene ontology database (GO) to achieve a functional over-
view of the salivary proteins. GO definitions were used for the 
analysis of the distribution of salivary proteins across 3 different 
categories. The parotid and SM/SL proteins showed generally 
similar distribution across the GO categories. The highest pro-
portion of both the parotid and SM/SL proteins is extracellular, 
which is consistent with the secretory role of salivary glands. In 
addition, organelle, cytoplasm, cytoskeleton, plasma membrane, 
protein complex, and other cellular components such as nuclear 
proteins occupy the rest of the categories almost entirely. These 
cellular proteins are found mostly in low abundance compared 
with well-characterized secretory salivary proteins. The source 
of these proteins is probably exosomal (Gonzalez-Begne et al., 
2009; and see below) or from shed glandular epithelial cells. GO 
molecular function distribution showed that parotid and SM/SL 
proteins have the highest distributions in proteins with binding 
activity, as well as proteins involved in catalytic function. A high 
proportion of the proteins with structural molecular activity was 
also found. GO distribution of the biological process revealed 
that high proportions of parotid and SM/SL proteins are involved 
in metabolic processes and regulation of biological processes.

Gene ontology annotation of the proteins integrated from the 
results of all three research groups revealed interesting features 
of salivary proteins (Denny et al., 2008). Among many of the 
enzymes identified, proteins associated with oxidoreductase 
activity were overrepresented. Similarly, proteins with anti-
oxidation activity were also overrepresented. In contrast, pro-
teins with transferase activity were underrepresented. Proteins 
with hydrolase activity remained unchanged; however, a spe-
cific hydrolase, which acts on acid anhydrides, was found to be 
enriched. Among these hydrolases, carbonic anhydrase VI is a 
well-studied and abundant salivary hydrolase. Not surprisingly, 
among the proteins with binding activity, antigen- and lipid-
binding proteins were enriched, while nucleic-acid-binding pro-
teins were underrepresented. Finally, it has been well-documented 
that salivary fluid contains many proteins with enzyme-inhibiting, 
especially protease-inhibiting, functions, to serve as a preventive 
mechanism for oral pathogen invasion (Ruzindana-Umunyana 
and Weber, 2001; Jespersgaard et al., 2002). Consistently, the 
category of proteins as enzyme inhibitors and protease inhibi-
tors is enriched. Overall, the identification of functional versa-
tile protein molecules in saliva indicates that this body fluid may 
carry more complex functions than previously thought.

hypothetical Proteins and Their functional implications

Many of the salivary proteins reported by Denny et al. (2008) 
were hypothetical proteins that have not been annotated. To 
provide insight, investigators have postulated the functions of 
the proteins based on their sequence similarities to the proteins 
with known function through a PSI-blast search engine (Fig. 1) 
(Altschul et al., 1997). A large group of these hypothetical pro-
teins could be matched to the immunoglobulins. Immunoglobulins 
were among the most abundant proteins identified, which is 
consistent with previously reported studies (Gomez et al., 
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1991). Together with the identification of defensin peptides by 
Denny et al. (2008), and in previous reports (Abiko et al., 2003; 
Brogden et al., 2003), this suggests the importance of saliva as 
a defense mechanism against oral pathogens. Extracellular 
matrix proteins such as mucins were also abundant; these pro-
teins might serve to maintain saliva’s lubricating function. 
Several blood coagulation factors were found, suggesting the 
overlap of proteins between serum and saliva. Several proteins 
with known linkage to multiple system disorders were mapped. 
These included: moesin, a protein with a role in lymph node 
metastasis of oral squamous cell carcinoma (Kobayashi et al., 
2004; Belbin et al., 2005); dystrophin, gene product of Duchenne 
muscular dystrophy locus (Hoffman and Kunkel, 1989); and 
DMBT1, whose expression is frequently suppressed in human 
lung cancer (Takeshita et al., 1999; Wu et al., 1999). The bio-
logical significance of these proteins in saliva is not clear; never-
theless, these results suggest that salivary proteins could serve as 
a useful data resource for further search of disease biomarkers.

The hypothetical salivary proteins were also searched against 
protein pathway databases BioCarta (Ogata et al., 1998; Mlec-
nik et al., 2005). As expected, these salivary proteins are 
involved in a number of metabolic pathways, including amino-
acid-related metabolism, carbohydrate metabolism, energy 
metabolism, and glycan biosynthesis and metabolism. Interest-
ingly, several salivary proteins were found in a few systemic  
diseases, such as amyloid beta A4 protein precursor (Alzheim-
er’s), DJ-1 (Parkinson’s diseases), and colon cancer secreted 
protein-2 (colorectal cancer). The biological roles of these pro-
teins in saliva await further characterization.

The identification of the proteins present in human saliva 
provides an inventory that allows for further analysis for varia-
tions that may be associated with disease or changes associated 
with age. However, understanding how normal saliva changes 

with normal factors such as aging will be key to the develop-
ment of saliva-based markers of disease. Ambatipudi et al. 
(2009) performed a comprehensive proteomic profile of pooled 
saliva collected from the parotid glands of healthy females, 
divided into two age groups of 20-30 and 55-65 years old, 
respectively. A pre-fractionation of the proteins by hydrophobic 
charge interaction chromatography was used to reduce complex-
ity of the proteins and to deplete high- from low-abundant pro-
teins. Proteins were then identified by multidimensional protein 
identification technology (MudPIT). In total, 532 proteins were 
identified in the two age groups, with 266 identified exclusively 
in one age group, while another 266 proteins were found in both 
groups.

The majority of the proteins identified in the two age groups 
belonged to the defense and immune response categories. Of 
note, several defense-related proteins (e.g., lysozyme, lactofer-
rin, and histatin-1) were significantly more abundant in the older 
females as determined by G-test. This study supports the use of 
high-throughput proteomics as a robust discovery tool. Such 
results provide a foundation for future studies to identify spe-
cific salivary proteins which may be linked to age-related dis-
eases specific to women.

STATe of The SCienCe in CAnCeR BioMARKeRS

Numerous startling discoveries on the carcinogenic process 
have occurred in the past two decades. Several pathways and 
networks of molecular circuitries have revealed the connectivity 
of processes leading to cancer. It is the accumulation of these 
molecular changes that has been implicated in disease progres-
sion. Since the enactment of the 1971 National Cancer Act, 
significant progress has been made in both the understanding 
and treatment of cancer, and from 1992 to 1998, cancer death 

figure 1. Molecular function of hypothetical proteins. The functions of the proteins were postulated based on their sequence similarities to the 
proteins with known function through PSI-blast search engine.
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rates declined modestly (1.4%) in both men and women (Weir 
et al., 2003). However, cancer remains the second leading cause 
of death in the United States. For many cancers, successful pre-
vention depends on the accurate evaluation of risk, and success-
ful treatment depends on early detection. For example, the 
five-year survival for colorectal cancer is 91% if it is detected 
while still localized, 66% if detected with lymph node involve-
ment, and only 9% if it has metastasized to distant sites (Eyre 
et al., 2002). Although the primary tumor can usually be con-
trolled by local therapy, most cancer deaths are caused by meta-
static disease. The goal of early detection and screening is 
therefore the diagnosis and treatment of cancer before it spreads 
beyond the organ of origin, perhaps even in its pre-invasive 
state. Unfortunately, available early detection and screening 
techniques pick up many tumors at a relatively late stage in their 
natural history. As a result, decrements in mortality with the cur-
rent available detection modalities are likely to be modest. New 
technologies coming from the field of molecular and cellular 
biology are able to identify genetic as well as antigenic changes 
during the early stages of malignant progression. Some of these 
changes show promise as biomarkers for pre-neoplastic devel-
opment or for early malignant transformation. Consequently, 
many oncologists and cancer biologists are working to develop 
methods to detect cancers at their early stages of development.

At the present time, some biomarkers, such as CA 125 and 
PSA, along with imaging technologies have remained the main-
stay of the diagnostic realm. For example, spiral computerized 
tomography (CT) and x-rays are used for lung cancer detection; 
however, the latter detects smaller lesions than do x-rays. Both 
spiral CT and x-rays will detect small lesions (Swensen et al., 
2002). The challenge is how to differentiate between a deadly 
tumor and a scar or other non-cancerous lesions. Today, tools 
that detect changes at the molecular level take the observer out 
of the picture, providing a much clearer answer about whether 
cancer gene markers or proteins produced by cancer genes are 
present. Research has shown that some molecular markers are 
present in sputum three or more years prior to the diagnosis of 
lung cancer (Palmisano et al., 2000).

However, progress in the application of biomarker-based 
detection and diagnosis is currently impeded by some practical 
hurdles. Studies on the application of biomarkers for earlier 
cancer detection or even for risk assessment have been frag-
mented and not well-organized. While studies conducted by 
individual investigators have been useful in advancing our 
understanding of carcinogenesis, there has been a lack of 
research emphasis on the continuum of pre-clinical tumor devel-
opment, early evaluation of new techniques, and their clinical 
application. In many of these reported studies, the investigators 
have not been able to explore fully the biological implications 
or to test systematically the clinical application of these molecu-
lar markers. The lack of availability of high-quality matched 
specimens from normal, suspicious, pre-neoplastic, and multi-
stage neoplastic lesions along with demographic and follow-up 
data has been another major impediment in progress toward 
molecular-based diagnosis. As a consequence, much work in 
this area has been fragmented into numerous small and discon-
nected studies without complete evaluation. Usually, the results 

of these studies cannot even be generalized to the population as 
a whole.

Biomarkers

Since the definition of ‘biomarker’ varies, and there is no defini-
tion that adequately encompasses all aspects of biomarker appli-
cations, the National Cancer Institute’s (NCI) Early Detection 
Research Network (EDRN) uses our own definition for describ-
ing a biomarker. Biomarkers are defined as cellular, biochemi-
cal, molecular, or genetic alterations by which a normal, 
abnormal, or simply biologic process can be recognized or 
monitored. Biomarkers are measurable in biological media, 
such as in tissues, cells, or fluids. A biomarker may be a mole-
cule secreted by a malignancy itself, or it can be a specific 
response of the body to the presence of cancer (Wagner et al., 
2004). For example, alterations in gene sequence or expression 
and in protein structure and function can be used to detect can-
cer, determine prognosis, and monitor disease progression and 
therapeutic response. Ideally, these changes should be quantifi-
able in serum, plasma, saliva, sputum, urine, and other bodily 
fluids for potential non-invasive methods of detection.

State of the Biomarkers in Cancer diagnostics

Only a few biomarkers have made it to clinical applications, 
despite the fact that hundreds of thousands of published papers 
claim to have discovered biomarker(s) for potential utility in 
clinical application (Ransohoff, 2005; also see review by 
Ludwig and Weinstein, 2005). Why is progress so marginal in 
this field? Let us examine this issue by understanding the 
requirements that a potential biomarker must meet before being 
considered for clinical application. It is unlikely that a single 
molecular biomarker will be able to distinguish disease from 
non-disease states because of the high degrees of heterogeneity 
across larger populations. To illustrate the complexity, first con-
sider a biomarker test that may have high sensitivity but low 
specificity. In this case, most individuals with disease will test 
positive, but the low specificity rating indicates that many peo-
ple without the disease will also test positive. Biomarkers with 
this performance profile certainly would not be desirable, since 
unnecessary treatment might be administered to patients who 
are free of disease. Conversely, a biomarker with low sensitiv-
ity and high specificity will help ensure that an individual is 
disease-free, but will often fail to detect the genuine cases of 
disease. At times, this type of performance might have limited 
clinical value, particularly in helping to rule out negative cases 
where additional tests were performed on a patient, yielding 
uncertainties in the prediction of disease. Clearly, a biomarker 
possessing the qualities of both high sensitivity and specificity 
is desired for the accurate diagnosis of disease. It is likely that 
many diagnostic tests of the future will encompass analysis of 
panels of such discriminatory molecules.

There have been several excellent articles on these issues 
(Feng et al., 2004; Ransohoff, 2004, 2005), and therefore they 
are not covered in this article. Just one important note: Most 
initial observations are derived from limited numbers of cases 
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and controls which later form the basis for a larger case-control 
design in subsequent validation studies. However, case-control 
studies will require independent replication and eventual confir-
mation in large prospective cohort studies. Also, initial studies 
are not usually hypothesis-driven and therefore are more prone to 
bias. In non-hypothesis-driven studies, there are many unknowns: 
The identity of the biomarker is not known, and the size of the 
panel is likely to be undefined, e.g., the protein profile pattern of 
many peaks without the identification of an individual peak. 
Because of the lack of such information, investigators will not be 
able to anticipate the source of potential bias. To make this point 
clear, let us take an example of a defined panel in which PSA is 
one of the biomarkers. Investigators would be able to anticipate 
that patients with prostate-related diseases, other than prostate 
cancer, will likely have elevated PSA. To avoid the identification 
of markers that are diagnostic for prostate-related disease, inves-
tigators may include a separate control group in their study 
design. Sample collection, storage conditions, and duration of 
storage and processing are other sources for biases. “Wired-in 
bias” refers to the differences in biomarker measurements 
between case and control specimens that have nothing to do with 
case or control biologically, but are due to the differences in case 
and control specimen selection, collection, processing, and stor-
age. Such a “wired-in-bias” is different from the biases that are 
due to inappropriate data analyses or interpretations. The latter 
could be eliminated by appropriate analyses and careful interpre-
tations, while the former could not, hence the name “wired-in-
bias”. “wired-in-bias” could be eliminated only by tight study 
design and adherence to protocol. For case-control study design, 
there is almost no way to eliminate “wired-in-bias” due to the 
settings in which cases and controls are selected, collected, pro-
cessed, and stored. For cohort pre-clinical specimen, “wired-in 
bias” is basically eliminated because at the time of specimen 
collection, one does not know which is the case or control, and 
the protocol is usually followed. Therefore, case and control 
specimens were collected under the same setting. In summary, 
good quality samples from well-designed cohorts or trials should 
be made available to investigators for initial discovery work.

In light of these hurdles in discovery and evaluation of bio-
markers, the NCI’s Early Detection Research Network (EDRN; 

www.cancer.gov/edrn) has developed and implemented system-
atic, comprehensive guidelines to develop, evaluate, and validate 
biomarkers. This five-phase approach establishes both a standard 
and a road map for successfully translating research on bio-
marker applications from the laboratory to the bedside (Fig. 2).

Phase 1 includes exploratory study to identify potentially 
useful biomarkers. In Phase 2, biomarkers are studied to deter-
mine their capacity for distinguishing between cases with can-
cer and those without. Phase 2 is called the validation phase. 
Repositories of longitudinally collected clinical specimens 
from research cohorts are used in Phase 3 to determine the 
capacity of a biomarker to detect pre-clinical disease. Prospec-
tive screening studies are considered part of the next phase, 
Phase 4. Finally, large-scale population studies that evaluate 
not just the role of the biomarker for detection of cancer but 
also the overall impact of screening on the population comprise 
Phase 5. Researchers have welcomed the five-phase structure 
that EDRN proposes for biomarker development, because it 
provides an orderly series of studies that build upon each other 
to yield an efficient and thorough approach to biomarker devel-
opment. The key aspects of the study design for each of the 
phases have been discussed (Pepe et al., 2001, 2008), generat-
ing many interesting thoughts on how to take the phase of 
biomarkers forward in aiding study designs for biomarker vali-
dation. Pepe and colleagues proposed a prospective-specimen-
collection, retrospective-blinded-evaluation (PRoBE) design in 
which biologic specimens are collected prospectively from a 
cohort that represents the target population of interest for clini-
cal application of the biomarker. Specimens and clinical data 
are collected in the absence of knowledge about patient out-
come. After outcome status is ascertained, case patients with 
the outcome and control individuals without it are selected 
randomly from the cohort, and their specimens are assayed for 
the biomarker in a fashion that is blinded to case–control status. 
Although every biomarker study has its own special consider-
ations, as does every randomized clinical trial, the proposed 
PRoBE guidelines elucidate the key design issues. The guide-
lines describe the design issues in relation to the clinical con-
text, biomarker performance criteria, the biomarker test, and 
study size. The principles can be applied to studies of biomark-
ers intended for use in disease diagnosis, screening, or progno-
sis. Common biases that pervade the biomarker research 
literature would be eliminated if these rigorous standards were 
adopted. An example of this approach is illustrated below.

Let us consider a case in which we would like to design a study 
to validate biomarkers that may be specific to benign or invasive 
cancer among women with suspicious breast lesions. Our goal is 
to reduce unnecessary biopsies while ensuring that women with 
invasive cancer are biopsied. So the priority is to maintain detec-
tion in almost all women with invasive cancer. The PRoBE design 
stipulates the minimally acceptable marker that would be able to 
detect at least 98% of the cases (TPR = 98%; TPR is defined as a 
proportion of cases detected). Since currently all women with 
suspicious lesions are biopsied, our goal is to reduce biopsy by 
25% (FPR = 75%; FPR is defined as a proportion of controls 
falsely detected or 1 –specificity). Considering anticipated perfor-
mance of TPR 98% and FPR of 50%, the study size would be 300 

figure 2. Funneling of potential biomarkers for clinical validation.
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invasive cancer cases and 100 benign non-proliferative controls. 
This is the design EDRN has adopted to test biomarkers. Samples 
are collected at centers where women are undergoing diagnostic 
biopsies. Samples, including blood, are collected prospectively 
prior to biopsy, with some exclusion criteria: women under 18 
years, having a history of cancer, pregnant, or nursing. Demo-
graphics and medical and family history are obtained. Following 
a pathology report, cases and controls are selected randomly for 
reference sets to be used for testing potential biomarkers.

future Research Trends in Biomarkers

The future for molecular screening requires a close collaboration 
between imaging and biomarker-based investigations. While bio-
markers will have the ability to provide quantifiable characteris-
tics, imaging will provide temporal and special features of the 
disease space and amplify biomarker visualization in real time. 
Smart reagents and probes are needed to exploit the power of 
imaging, and biomarkers could provide some needed probes. A 
comprehensive database of biomarkers needs to be developed, 
integrating genomics, proteomics, metabolomics, glycomics, and 
imaging features of a broad spectrum of disease states. As tech-
nologies continue to mature, reference reagents and samples must 
be made available to investigators to provide standards for their 
exploratory studies and allow for consistencies in cross-validation 
among studies. However, standards should not be imposed in 
initial discovery processes that could impede innovations.

SAlivAoMiCS KnoWledge BASe (SKB)

The holy grail of diagnostics is non-invasiveness. Saliva fulfills 
this goal. However, while salivary diagnostics is recognized for 
oral diseases, its clinical utility and scientific credibility for 
systemic diseases are unsubstantiated. The clinical and scientific 
credentialing of saliva for systemic disease detection will pres-
ent a ground-breaking technology that is impactful and sustain-
able, and will transform molecular diagnostics globally.

However, to provide credibility in these endeavors, the criti-
cal hypothesis that needs to be tested is “Can Salivary Biomark-
ers Detect Systemic Diseases?” There are two essential gaps that 
must be bridged. First is a translational and clinical gap that 
salivary biomarkers can detect systemic diseases. To achieve 
this goal, a definitive Food and Drug Administration(FDA)-
level clinical salivary biomarker development and validation 
study for systemic disease detection must be performed. Should 
the salivary biomarkers survive this FDA-level clinical study, 
the biomarkers would have achieved a pivotal validation status 
that can be advanced for FDA regulatory approval and diagnos-
tic product development. The second gap is mechanistic. How 
can a distal disease like pancreatic or breast cancer communi-
cate/signal salivary glands and contribute to salivary biomarker 
signature for cancer detection? To address this issue, one needs 
to perform rigorous mechanistic studies using animal models to 
test the hypothesis that, upon development of a systemic dis-
ease, salivary biomarkers are consistently altered and a unique 
detection panel can be derived. This two-pronged approach will 
provide the definitive translational and clinical data as well as 

mechanistic rationale for systemic diseases reflecting through 
salivary biomarkers. We have recently made inroads using this 
dual approach to investigate the scientific and clinical frontiers 
of salivary diagnostics.

In a study by Gao et al. (2009), mouse models of melanoma 
and non-small-cell lung cancer were used to compare the tran-
scriptome biomarker profiles of tumor-bearing mice with those 
of control mice (Fig. 3). Microarray analysis showed that sali-
vary transcriptomes were significantly altered in tumor-bearing 
mice vs. controls. Significant overlapping among transcriptomes 
of mouse tumors, serum, salivary glands, and saliva suggests that 
salivary biomarkers have multiple origins. Furthermore, the 
expression of two groups of significantly altered transcription 
factors (TFs)—Runx1, Mlxipl, Trim30 and Egr1, Tbx1, Nr1d1—
was identified in salivary gland tissue of melanoma-bearing mice 
and can potentially be responsible for 82.6% of the up-regulated 
gene expression and 62.5% of the down-regulated gene expres-
sion, respectively, in the saliva of melanoma-bearing mice. We 
also showed that the ectopic production of nerve growth factor 
(NGF) in the melanoma tumor tissue as a tumor-released media-
tor can induce expression of the TF Egr-1 in the salivary gland. 
Analysis of these data, taken together, supports the conclusion 
that, upon systemic disease development, significant changes can 
occur in the salivary biomarker profile. Although the origins of 
the disease-induced salivary biomarkers may be both systemic 
and local, stimulation of salivary glands by mediators released 
from remote tumors plays an important role in regulating the 
salivary surrogate biomarker profiles.

These studies provide early insights into the mechanistic 
foundation of salivary diagnostics for systemic disease detection. 
While many more additional studies need to be conducted to map 
out the detailed mechanisms and signaling connectivities, what is 
clear from these studies is that when systemic diseases devel-
oped, robust and validatable salivary biomarker changes ensued. 
A recent discovery is that salivary biomarkers (proteomic and 
transcriptomic) are contained in exosomes, which are small-
membrane vesicles (Palanisamy, 2010; Sharma, 2010), 40-100 
nm in diameter, corresponding to the internal vesicles present in 
multivesicular endosomes (MVEs), and have been known to be 
key for intercellular communication elsewhere in the immune 
system (Chairoungdua et al., 2010). The revelation that the sali-
vary transcriptome and proteome are contained in exosomes not 
only explained their unusual stability in saliva but also provided 
a mechanism whereby these nano-vesicles can mediate a signal 
transduction/communication axis to shuttle disease-specific exo-
somal contents (biomarkers, molecular constituents of mRNA, 
miRNA, and proto-oncogenic and pro-angiogenic proteins) to 
anatomical targets, including salivary glands. This systemic com-
municative capability of exosomes has been recently revealed, 
since they have been shown to be released from many different 
cell types to be important modulators of the immune system as 
well as oncogenesis. These recently recognized cellular commu-
nicative roles of exosomes in health and disease provide a com-
pelling rationale for the hypothesis that systemic diseases shed 
exosomes containing disease-specific biomarkers that function 
as signaling nano-vesicles targeting different body sites, includ-
ing salivary glands and altered salivary biomarker profiles.
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On the translational and clinical front, we have recently 
obtained proof-of-concept data that salivary biomarkers can 
detect pancreatic cancer (Zhang et al., 2010). A prospective 
sample collection and retrospective blinded validation (PRoBE-
designed) study design was used to evaluate the performance 
and translational utilities of salivary transcriptomic for the non-
invasive detection of pancreatic cancer. The Affymetrix HG 
U133 Plus 2.0 Array was used to profile transcriptomes and 
discover altered gene expression in salivary supernatants. Bio-
markers discovered from the microarray study were subjected to 
clinical validation in an independent sample set of 30 individu-
als with pancreatic cancer, 30 with chronic pancreatitis, and 30 
healthy control individuals. Twelve mRNA biomarkers were 
discovered and validated. The logistic regression model with the 
combination of 4 mRNA biomarkers (KRAS, MBD3L2, ACRV1, 
and DPM1) could differentiate pancreatic cancer patients from 
individuals without cancer (chronic pancreatitis and healthy 
control individuals), yielding a ROC-plot AUC value of 0.971 
with 90.0% sensitivity and 95.0% specificity (Fig. 4). The 

salivary biomarkers possess discriminatory power for the detec-
tion of pancreatic cancer, with high specificity and sensitivity. 
This report provides the proof of concept of salivary biomarkers 
for the non-invasive detection of a systemic cancer and paves 
the way for prediction model validation studies followed by 
pivotal clinical validation. These early studies allow us to 
propose a plan to develop and definitively validate salivary 
biomarkers, engaging the PRoBE-design principles (prospective-
specimen-collection and retrospective-blinded-evaluation) in prep-
aration for FDA-level clinical validation studies (Pepe et al., 2001, 
2008).
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