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INTRODUCTION
Head and neck squamous cell carcinomas (HNSCCs) are the seventh
most common cancer worldwide, occurring in more than half a million
new patients each year and in >50,000 patients in the United States alone
(1, 2). The incidence of certain types of HNSCC appears to be increasing,
especially among young people, in part due to the increasing prevalence
of human papilloma virus (HPV) (3–7). HNSCCs are associated with a
poor 5-year overall survival of only ~50% that has remained relatively
unchanged, especially for patients with HPV-negative tumors (8). Only
a few targeted therapies for this disease are available, in part because of the
paucity of activating mutations in oncogenes that contribute to tumor
development; most genetic alterations in HNSCCs inactivate tumor suppressor genes (9–12). There are also no available biomarkers for HNSCC
to measure disease burden or response to therapy, further limiting prog1
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ress in mitigating the impact of this often morbid and potentially lethal
disease on human health.
Although HNSCC tumors are usually classified on the basis of histology, their biomedical properties, including demographics, risks factors,
and clinical behavior, differ by anatomic site (Fig. 1) (13, 14). Anatomically, the tumors are categorized as squamous cell carcinomas (SCCs)
of the oral cavity (including the oral tongue), oropharynx (including
the base of the tongue), larynx, and hypopharynx. Oral cavity SCC,
with the exception of those of the oral tongue, is declining in incidence
in the United States because of the reduction in cigarette smoking (4).
In contrast, there is an increasing incidence of oropharyngeal SCC involving the palatine and lingual (base of the tongue) tonsils, particularly
in younger men. These tumors are often associated with HPV. The survival of these patients is better than for those whose tumors are unassociated with HPV (6, 15). Laryngeal SCC is declining in incidence
and, unlike HNSCC at other sites, is generally associated with limited
regional metastasis due to anatomic barriers (16). The hypopharynx is
the least common site for HNSCC and has decreasing incidence but relatively poor prognosis (17, 18).
The idea that the genetic alterations present in tumors can be used
as biomarkers for cancer was proposed more than two decades ago
(19–22). The advantage of genetic alterations over conventional biomarkers such as carcinoembryonic antigen or prostate-specific antigen
is that genetic changes are exquisitely specific for neoplastic cells. One
challenge in exploiting genetic alterations for this purpose is that the
concentration of mutant templates is often low in bodily fluids. Over
the last several years, however, technological advances have made it
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To explore the potential of tumor-specific DNA as a biomarker for head and neck squamous cell carcinomas
(HNSCC), we queried DNA from saliva or plasma of 93 HNSCC patients. We searched for somatic mutations or
human papillomavirus genes, collectively referred to as tumor DNA. When both plasma and saliva were tested,
tumor DNA was detected in 96% of 47 patients. The fractions of patients with detectable tumor DNA in earlyand late-stage disease were 100% (n = 10) and 95% (n = 37), respectively. When segregated by site, tumor DNA
was detected in 100% (n = 15), 91% (n = 22), 100% (n = 7), and 100% (n = 3) of patients with tumors of the oral
cavity, oropharynx, larynx, and hypopharynx, respectively. In saliva, tumor DNA was found in 100% of patients
with oral cavity cancers and in 47 to 70% of patients with cancers of the other sites. In plasma, tumor DNA was
found in 80% of patients with oral cavity cancers, and in 86 to 100% of patients with cancers of the other sites.
Thus, saliva is preferentially enriched for tumor DNA from the oral cavity, whereas plasma is preferentially
enriched for tumor DNA from the other sites. Tumor DNA in saliva was found postsurgically in three patients
before clinical diagnosis of recurrence, but in none of the five patients without recurrence. Tumor DNA in the
saliva and plasma appears to be a potentially valuable biomarker for detection of HNSCC.
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ability of tumor DNA in the saliva varied with anatomic location of the
tumor, with the highest sensitivity for oral cavity cancers. The detectability in plasma varied much less in regard to the tumor’s anatomic
location.

possible to detect such mutations even when they are rare. These advances have facilitated the detection of altered DNA sequences in plasma, stool, Pap smear fluids, sputum, and urine (20, 21, 23–30).
In this proof-of-principle study, we determined whether genetically
altered DNA could be detected in the saliva or plasma of HNSCC patients with tumors of various stages and anatomical sites. We chose
these two bodily fluids for obvious reasons: plasma has been shown
to harbor tumor DNA from many cancers, including HNSCC, though
only a few HNSCCs, all of late stage, have been previously examined
(23, 31, 32). Tumor DNA that is released from the basal side of HNSCC
epithelial cells into the lymphatics or venous system should be detectable in this compartment. On the other hand, DNA that is released primarily on the apical side of HNSCC should be detectable in the saliva

(23, 31, 32). The studies described below were performed to test these
hypotheses.

RESULTS
Mutations in primary tumors
Ninety-three patients with HNSCC were enrolled in this study. Their
average age was 60 and the majority (83%) were male, as is typical of
HNSCC patients (table S1). Forty-six, 34, 10, and 3 samples were from
the oral cavity, oropharynx, larynx, and hypopharynx, respectively.
Twenty patients (22%) had early (stage I or II) disease, and the remaining 73 patients (78%) had advanced (stage III or IV) disease.
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Fig. 1. Schematic showing the shedding of tumor DNA from head
and neck cancers into the saliva or plasma. Tumors from various
anatomic locations shed DNA fragments containing tumor-specific
mutations and HPV DNA into the saliva or the circulation. The detect-
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Mutations in saliva and plasma
Important characteristics of screening tests are that samples can be easily collected without discomfort and that the collection process is standardized. To achieve these goals, we used oral rinses, plasma, and
commercially available kits to prepare DNA for conventional genotyping purposes. For saliva, we used the entire contents of the collection
tube (including cells and cell debris) to prepare DNA. Of the 93 patients
who donated saliva for this study before their surgery, 47 patients (51%)
volunteered to donate plasma at the same time. DNA from plasma was
purified as previously described (23). Digital PCR was used to query
HPV sequences and translocations (35), whereas point mutations were
assessed by Safe-SeqS (Safe-Sequencing System), a PCR-based technology for the detection of low-frequency mutations, as previously described (23, 25, 34–36).
Tumor DNA was identified in 76% (n = 93) and 87% (n = 47) of the
saliva and plasma samples from these patients, respectively (Table 1 and
tables S1 and S3). In the subset of patients with both plasma and saliva
samples, 96% (n = 47) of patients had a tumor-specific alteration identified in at least one bodily fluid. Twenty-one of the 47 patients had
HPV-positive tumors. Eighteen of the 21 patients (86%) had detectable
HPV DNA in their plasma and/or saliva (Table 1 and tables S1and S3).
Because HPV16 is rarely found in oral specimens of healthy individuals,
we analyzed 10 saliva or plasma samples from patients whose tumors
were not HPV-positive as controls (37, 38). As expected, no HPV was
detected in any of these samples, confirming the specificity of the test. In
all 26 patients without HPV-positive tumors, endogenous DNA mutations, mostly in the TP53 gene (92%), were identified in plasma or saliva
(table S3). Thus, somatic mutations and HPV sequences were both useful as biomarkers for malignancy. The sensitivity of these biomarkers
for detecting cancer was greatly improved when both plasma and saliva
were examined, compared to testing saliva or plasma alone. There was
no significant correlation between the amounts of tumor DNA in saliva
versus plasma in the patients in whom both sample types were available
(correlation coefficient of 0.074, P = 0.74), However, the use of saliva

versus plasma, and HPV versus somatic mutations, differed considerably with respect to the site of disease, as noted below.
Site
All (100%) of the 46 patients with oral cavity cancers harbored detectable tumor DNA in their saliva (Table 1). The sensitivities of detection
in saliva of malignancy at sites not directly sampled by an oral rinse were
lower: 47% (n = 34), 70% (n = 10), and 67% (n = 3) of patients with
oropharyngeal cancers, laryngeal cancers, and hypopharyngeal cancers
had detectable tumor DNA, respectively. The detection rate of tumor
DNA in plasma varied less with site, as expected: 80% (n = 15), 91%
(n = 22), 86% (n = 7), and 100% (n = 3) of tumors of the oral cavity,
oropharynx, larynx, and hypopharynx, respectively, had detectable tumor DNA in plasma.
It is well known that HPV-associated tumors are most often found at
specific sites, particularly the oropharynx. Twenty-nine of the 34 (85%)
oropharyngeal cancers were HPV-positive. The remaining five oropharyngeal cancers were negative for HPV by PCR, were associated
with tobacco use, and harbored TP53 mutations. In contrast, all but
1 of 59 samples from the oral cavity, larynx, and hypopharynx were
HPV-negative. The finding that only 1 of the 46 oral cavity cancers
tested was HPV-positive is consistent with recent evidence about the
low prevalence of HPV-related cancers in the oral cavity (39, 40). For
the HPV-associated cancers, which represent 30 (32%) of the total
HNSCCs in our study, the presence of HPV DNA in bodily fluids represents a very convenient marker: HPV was detected in 40% (n = 30) of
saliva samples and 86% (n = 21) of available plasma samples with a
single primer pair specific for the E7 gene of HPV16 (Table 1).
Table 1. Detection of tumor-derived DNA in saliva and plasma. The
percentages of patients whose tumors were detectable through the examination of saliva, plasma, or both are shown, grouped by tumor site,
stage, and HPV status.
Saliva, % with
mutations (95%
confidence
intervals) (total
number studied)

Plasma, % with Saliva or plasma,
mutations (95% % with mutations
confidence
(95% confidence
intervals) (total
intervals) (total
number studied) number studied)*

Oral cavity

100 (92–100%) (46)

80 (52–96%) (15)

Oropharynx

47 (30–65%) (34)

91 (71–99%) (22)

91 (71–99%) (22)

Larynx

70 (35–93%) (10)

86 (42–99%) (7)

100 (59–100%) (7)

100 (29–100%) (3)

100 (29–100%) (3)

Early (I and II) 100 (83–100%) (20)

70 (35–93%) (10)

100 (69–100%) (10)

Late (III and IV) 70 (58–80%) (73)

92 (78–98%) (37)

95 (82–99%) (37)

Site

Hypopharynx 67 (9.4–99%) (3)

100 (78–100%) (15)

Stage

HPV
Positive

40 (23–59%) (30)

86 (64–97%) (21)

86 (64–97%) (21)

Total

76 (66–85%) (93)

87 (74–95%) (47)

96 (85–99%) (47)

*Includes only patients from whom both saliva and plasma were available.
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To begin this study, we attempted to identify at least one genetic
alteration in each tumor. We first searched for the presence of either
HPV type 16 (HPV16) or HPV18 sequences in tumor DNA. HPV is a
well-established etiologic agent for a growing subset of HNSCCs, specifically oropharyngeal SCC (6, 15). With polymerase chain reaction
(PCR) primer pairs specific for the E7 gene of the high-risk HPV types
responsible for the overwhelming majority of HPV-associated HNSCCs,
we identified 30 patients (32%) whose tumors contained HPV16 DNA
and no patients with HPV18. The preponderance of HPV16 is not
surprising given prior epidemiologic studies of this tumor type (33).
In the other 63 patients (all of those without HPV), we searched for somatic mutations in genes or gene regions commonly altered in HNSCC,
including TP53, PIK3CA, CDKN2A, FBXW7, HRAS, and NRAS, using
multiplex PCR and massively parallel sequencing (primer sequences are
listed in table S2) (9, 11, 12). This allowed us to identify a driver mutation in 58 of the 63 samples. In the remaining five samples, genomewide sequencing was performed at low coverage with the goal of identifying one driver mutation or translocation as previously described
(34). Ultimately, we identified and validated one genetic alteration in
each of these 63 samples (table S3). The most commonly mutated gene
was TP53 (86% of 63 patients). We also searched for mutations in the
tumors of 25 of the patients with HPV and found mutations in 12 of
those samples (table S3).
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Collectively, these data indicate that plasma rather than saliva is the
optimal fluid for detecting tumor DNA in tumors of the oropharynx,
larynx, and hypopharynx. Of the 32 patients with tumors from these
sites in which both plasma and saliva were available, mutant DNA
was detected in more plasma samples than saliva samples (29 versus
18, respectively). The amount of detectable mutant DNA alleles, expressed
as a fraction of the total alleles assessed, was ~10-fold higher in the plasma compared with the saliva of these patients (median, 0.146% versus
0.015%; P = 0.005, Wilcoxon rank sum test; table S3). The higher fraction of alleles considerably simplifies the task of identifying such mutations. This pattern was not observed in the oral cavity: the fraction of
patients harboring mutant DNA, as well as the mutant allele fraction,
was similar in the saliva and plasma (median, 0.65% versus 0.54%; P =
0.14, Wilcoxon rank sum test; table S3).

Human papilloma virus
Thirty patients harbored HPV16 DNA in their tumors when assessed
by PCR, and none had HPV18. Of these 30 tumors, 29 (97%) were
thought to be HPV-associated upon clinical presentation on the basis
of in situ hybridization with high-risk HPV sequences or immunohistochemistry with antibodies to p16; in one case, the HPV status had not
been determined in the clinic. Additionally, there were no patients who
were considered to have HPV-associated tumors in the clinic and did not
have HPV16 DNA identified in their tumors by PCR. This supports the
specificity and sensitivity of our assays. As expected from the literature, all
except 1 of the 30 tumors containing HPV DNA were found in the oropharynx (15, 39). As expected, plasma from HPV-associated tumors was

Surveillance
Although not the primary purpose of this study, it was of interest to
determine whether tumor DNA could be found in the saliva or plasma
of patients after surgical removal of their tumors. “Follow-up” samples
were available in nine patients in whom tumor DNA could be identified
before therapy. Three of these patients were found to have tumor DNA
in their saliva or plasma after surgery, but before clinical evidence of
disease recurrence (fig. S1). For example, patient HN 399, with cancer
of the oral cavity, was found to have tumor DNA in his saliva and plasma 4 months after surgery, whereas the recurrence only became evident
clinically 19 months later (23.6 months after surgery). Similarly, tumor
DNA was found in the saliva and plasma of patient HN 402, with cancer
of the oral cavity, at 8 months after surgery, 9 months before the recurrence was clinically evident. Patient HN 380 with cancer of the larynx was
found to have tumor DNA in his saliva 7 months after surgery, before any
clinical or radiologic evidence of disease recurrence; the patient died of
recurrent disease soon thereafter. Tumor DNA was detectable in the saliva of patient HN 367 with cancer of the oropharynx 25 months after
surgery; at the time of writing (36 months after surgery), no biopsy-proven
disease is yet evident, but the clinical course has been complicated with
suspicious imaging for locoregional and metastatic disease. No tumor
DNA was detectable in the saliva and/or plasma of the other five patients
in whom samples were available, all of whom have shown no clinical
evidence of recurrence for a median follow-up of 12 months (fig. S2).

DISCUSSION
Current diagnostic methods for HNSCC make the detection of early
disease, assessment of response to treatment, and differentiation
between the adverse effects of treatment versus persistent or recurrent
disease challenging. These issues collectively compromise clinical decisionmaking and impair patient management. Although it is now abundantly
clear that all cancers, including HNSCC, are the result of genetic alterations, this knowledge is just beginning to be applied to meet diagnostic
challenges such as those described above (10). In this proof-of-principle
study, we show that tumor-derived DNA can be detected in the saliva of
patients with HNSCC. We also show that the evaluation of plasma can
complement that of saliva, together allowing detection of tumor-derived
DNA in readily obtainable bodily fluids in >90% of the studied patients.
Our findings lay the conceptual and practical foundation for clinical tests
designed for the earlier detection of HNSCC, either for patients at high
risk for the disease or for patients previously treated for HNSCC who are
at risk for disease recurrence. Moreover, these results establish a paradigm for monitoring the response to treatment.
There were several notable findings in this study. The sensitivity for
detection of tumor-derived DNA in the saliva was site-dependent and
most efficient for tumors in the oral cavity. Not only was tumor DNA
detectable in every one of the 46 patients with cancers of the oral cavity,
but also the fraction of mutant DNA in the saliva was particularly high
(median, 0.65%; interquartile range, 0.17 to 2.2%; mean, 3.46%). Moreover,
early-stage oral cavity cancers were highly detectable; 75% of the patients
with oral cavity cancer were at an early stage (stage I or II), and all were
detectable. The high fraction of tumor DNA in the saliva of patients
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Stage
Most HNSCC patients have advanced disease (stage III or IV) at diagnosis (2). Accordingly, only 22% of the 93 patients in our cohort
presented with early-stage disease (table S1). Overall, tumor-specific
DNA could be detected in the plasma or saliva of 100% (n = 20) and
86% (n = 73) of patients with early and advanced disease, respectively
(P = 0.116, Fisher’s exact test). Saliva provided a more sensitive predictor of early-stage disease than plasma: 100% (15 of 15 oral cavity
cancers, 3 of 3 oropharyngeal cancers, and 2 of 2 laryngeal cancers)
versus 70% (5 of 7 oral cavity cancers, 2 of 2 oropharyngeal cancers,
and 0 of 1 laryngeal cancers), respectively (P = 0.03, Fisher’s exact test;
Table 1 and table S1). Contributing to the high sensitivity in saliva was
the fact that 75% (15 of 20) of the early-stage cancers in the study were
from the oral cavity, which are most readily detectable in saliva and are
preferentially treated with surgery, explaining their enrichment in our
study. As expected, plasma provided a more sensitive predictor than
saliva in patients with advanced-stage disease: 92% (n = 37) versus 70%
(n = 73), respectively (P = 0.008, Fisher’s exact test; Table 1). When
segregated by nodal status, tumor-specific DNA could be detected in
the plasma or saliva of 83% (n = 59) and 100% (n = 34) of patients with
or without nodal metastasis, respectively. When both saliva and plasma
were available, there was little difference between the detectability of
cancers with respect to stage of disease (Table 1). An important caveat
is that only five patients with early-stage disease of non-oral cavity sites
were available; although tumor DNA was detectable in all of these patients (all had detectable tumor DNA in saliva; two of the three patients
with available plasma also had detectable tumor DNA in their plasma), the amount of tumor DNA was considerably lower than that of
late-stage patients (median, 0.007% versus 0.06%; P = 0.03, Wilcoxon rank
sum test).

more informative than saliva; HPV DNA was detectable in the plasma of
86% (n = 21) of the patients but in only 40% (n = 30) of the saliva from
these patients (Table 1).

RESEARCH ARTICLE
MATERIALS AND METHODS
Study design
This was a retrospective study with sample collection performed prospectively from 93 HNSCC patients donating saliva, 47 of whom are
also donating plasma. Data analysis was performed in a blinded fashion,
and all patient samples were de-identified.
Samples
All samples from the 93 patients in this study were collected using Institutional Review Board–approved protocols at Johns Hopkins University (JHU) and MD Anderson Medical Center. None of the patients in
the current study were included in the previously published study from
our groups, in which the genomic landscapes of HNSCC were described
(9). Saliva samples were collected before definitive treatment for primary
HNSCC (n = 71, 76% of 93 patients) and before salvage treatment for
recurrent HNSCC (n = 22, 24% of 93 patients). In a subset of these patients (n = 9), posttreatment saliva was also collected for surveillance.
Most patients (95% of the 93) underwent a biopsy of the primary tumor
and/or metastatic lymph node, on average 44 days before the first sample
collection (table S3). For the 22 patients with recurrent disease, previous
treatment including an iteration of surgery, radiation, and/or chemotherapy
was completed an average of 2.9 years before sample collection (table S3).
Whole blood was collected from 47 of the 93 patients before treatment. Four to 10 ml of plasma was used for DNA purification, with the
average amount of plasma being 6 ml.
Saliva was collected using two different protocols. Under the JHU
protocol, patients were asked to swish 15 to 20 ml of 0.9% sodium
chloride in their mouths for 10 to 15 s before spitting into the collection tube. Under the MD Anderson protocol, patients were asked to
allow saliva to collect in the floor of the mouth for 5 min without swallowing before spitting into the collection vial. There was no significant
difference in the amounts of DNA purified, the fraction of mutant DNA,
or the amount of HPV sequences found with the two protocols. Saliva
was frozen at −80°C until DNA purification, and the entire volume of
saliva, without centrifugation of cells, was used for DNA purification.
The amount of saliva used averaged 15 ml (range, 10 to 20 ml).
When fresh tumor tissue from a surgical specimen of invasive SCC
was available, it was immediately frozen at −80°C. When frozen tissue was
not available, formalin-fixed, paraffin-embedded (FFPE) tissues were used
for DNA purification. In either case (fresh-frozen or FFPE), tumors were
macrodissected to ensure neoplastic cellularity exceeding 30%. DNA was
purified from the white blood cell pellet (normal DNA), saliva, and tumor
using an AllPrep Kit (Qiagen, catalog #80204), and from plasma using
an QIAamp Circulating Nucleic Acid Kit (Qiagen, catalog #55114).
Tumor mutational profiling
A tiered approach was used to identify a somatic mutation within each
tumor. Initially, the presence of HPV16 and HPV18 was assessed using
the primers specific for the E7 oncogene of these variants (HPV16:
TGTGACTCTACGCTTCGGTTG and GCCCATTAACAGGTCTTCCA;
HPV18: GCATGGACCTAAGGCAACAT and GAAGGTCAACCGGAATTTCAT). When no HPV was present, multiplex PCRs containing
primers amplifying regions of interest in TP53, PIK3CA, CDKN2A,
FBXW7, HRAS, and NRAS were used to identify driver mutations in the
tumors (table S2). If a mutation was not identified in the queried regions,
paired-end libraries of DNA from the tumors and white blood cell pellets
of each patient were prepared and used for low-coverage whole-genome

www.ScienceTranslationalMedicine.org

24 June 2015

Vol 7 Issue 293 293ra104

5

Downloaded from http://stm.sciencemag.org/ by guest on June 17, 2021

with oral cancers makes anatomical sense and demonstrates the advantage of examining local bodily fluids for optimal sensitivity in this type
of assay.
HNSCCs distal to the oral cavity (oropharynx, larynx, and hypopharynx) were still often detectable through the examination of saliva,
but the frequency of their detection (47, 70, and 67%, respectively) and
the fraction of mutant alleles (median, 0.015%) were considerably lower
than found in the oral cavity (0.65%). Anatomical locations likely explain
this difference. Gargling might increase the detectability of tumor DNA in
these distal compartments, but to test this idea, a reproducible procedure
for gargling would have to be devised.
One striking aspect of this study is the increased sensitivity demonstrated when assays of two compartments are combined. This increased
sensitivity is possible only because of the exquisite specificity of mutant
DNA as biomarker; because no false-positives are expected, any number
of assays can be combined, increasing sensitivity without compromising
specificity. The combination of saliva and plasma allowed detection of
96% of the cancers when both fluids were available, higher than obtained with either saliva or plasma alone.
We emphasize that our study establishes the proof of principle for
the use of saliva and plasma to reveal the presence of HNSCCs, but does
not comprise a clinical test. In each patient, we first evaluated the tumor,
then used an alteration (either the presence of HPV or a somatic mutation) to query the saliva or plasma. In an actual diagnostic test, a panel
of genes would have to be used to assess each case. Fortunately, technologies are available for finding mutations, even those present at low frequencies (25, 35). On the basis of the results presented herein, as well as
large studies of HNSCC genetics (9, 11, 12), a panel including HPV16
DNA sequences, TP53, PIK3CA, NOTCH1, and CDKN2A would be
able to detect >95% of invasive HNSCCs. Another limitation of our
study is that the number of early-stage cancers beyond the oral cavity
was small, in part reflecting the unfortunate fact that most of these
cancers are detected only when they are late-stage. Future larger studies
should be able to determine how often early-stage cancers of the oropharynx, larynx, and hypopharynx can be detected using the approach described here. The fact that at least 70% of the oropharyngeal
cancers in the United States are associated with HPV simplifies this
task (6, 15).
One important application of the results described in this paper is in
the diagnosis of clinically suspicious lesions. The often complex and
highly specialized nature of current HNSCC diagnostic procedures
can lead to delays in diagnosis and treatment, negatively impacting
prognosis and survival (41–46). These delays could be prevented in
many patients through the examination of saliva and plasma for tumor
DNA. Such a test could potentially be incorporated into routine examinations to complement current diagnostic modalities and inform clinical decision-making. Another obvious application is in disease
monitoring and surveillance. In nine patients with positive pretreatment saliva and/or plasma, samples were collected at various times
after surgery. The fact that no mutations were identified after surgery in
the five patients whose tumors did not recur highlights the specificity of
the mutation-based assay. It was also encouraging that we identified tumor DNA in the saliva of patients whose tumors were found to recur at
the clinical level only months later, suggesting that these tests could provide a clinically meaningful lead time. The results presented here provide
the setting for a larger study to explore whether the presence of tumor
DNA in either saliva or plasma can be used to help manage patients
who appear free of disease after definitive treatment by clinical criteria.
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sequencing or exomic sequencing as previously described (47). Massively
parallel sequencing was carried out on an Illumina HiSeq instrument, either in the Goldman Sequencing Facility at Johns Hopkins Medical
Institutions or at PGDx Inc. Point mutations were identified as previously
described (9, 47, 48), using the following criteria: allele fraction >20%, >5
reads for point mutations, and >1 read for translocations. Genomic rearrangements were identified through an analysis of discordantly mapping
paired-end reads. The discordantly mapping paired-end reads were
grouped into 1-kb bins when at least five distinct tag pairs (with distinct
start sites) spanned the same two 1-kb bins, and further annotated on the
basis of the approximate breakpoint (34). One selected mutation was confirmed through an independent PCR and sequencing reaction, and then
used to query the saliva or plasma. All oligonucleotides used in this study
were synthesized by TriLink Biotechnologies.

Statistical analysis
Sensitivity for the detection of tumor-specific mutations in the blood and
saliva was calculated by tumor site, stage, and among HPV-associated
tumors. Ability to detect tumor DNA in saliva and/or plasma was tested
using Fisher’s exact tests, and Wilcoxon rank sum tests were used to
compare amounts of tumor DNA in saliva versus plasma (51). For
the comparison of mutant fractions in patients versus control in SafeSeqS assays, P values were calculated using a two-sided c2 test of equal
proportions or Fisher’s exact test when conditions of the c2 test are not
met. The concordance between mutant fractions in saliva and plasma was
calculated using Pearson’s product-moment correlation coefficient, a

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/7/293/293ra104/DC1
Fig. S1. Tumor DNA is detectable in the saliva of patients before recurrence becomes clinically
evident.
Fig. S2. Patients with undetectable tumor DNA after surgery have better disease-free survival.
Table S1. Patient demographics.
Table S2. Primer sequences used in multiplex assay for identification of driver mutations in tumors.
Table S3. Amounts of tumor-derived DNA in saliva and plasma.
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Mutation detection in saliva and plasma
The same primers used to detect HPV16 in tumor DNA via PCR were
used to detect HPV16 sequences in the DNA from saliva or plasma.
Each saliva DNA or plasma DNA sample was assessed in at least three
independent PCR assays, and all three assays had to be positive for the
sample to be counted as positive. As an additional control for specificity,
the PCR products were sequenced to ensure that they represented
HPV16 sequences. To quantify the amount of HPV16 sequences present in saliva or plasma, we used digital PCR with the same primers (36).
Digital PCR was also used to quantify the amount of sequences with
translocation using primers spanning the breakpoints, as previously described (49). For evaluation of point mutations in saliva or plasma, we
used Safe-SeqS, a PCR-based error reduction technology for detection
of low-frequency mutations in reactions each containing up to 3 ng of
input DNA (23, 25). High-quality sequence reads were selected on the
basis of quality scores, which were generated by the sequencing instrument to indicate the probability a base was called in error (50). The
template-specific portion of the reads was matched to reference sequences. Reads from a common template molecule were then grouped
on the basis of the unique identifier sequences (UIDs) that were
incorporated as molecular barcodes. Artifactual mutations introduced
during the sample preparation or sequencing steps were reduced by requiring a mutation to be present in >90% of reads in each UID family
(“supermutant”). Each PCR assay for each plasma or saliva sample was
independently repeated at least three times, with the mutant allele fractions defined as the total number of supermutants divided by the total
number of UIDs in all experiments. DNA from normal individuals was
used as control, using at least five independent assays per queried mutation. Only saliva or plasma samples in which the mutant allele fractions significantly exceeded their frequencies in control DNA (P < 0.05)
were scored as positive (table S3).
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A cancer test that's worth a spit
Head and neck squamous cell carcinoma is one of the most common cancers worldwide, and its incidence
is increasing. This is a difficult-to-treat cancer for which few targeted agents are available, and there are no
biomarkers for monitoring therapeutic progress. Wang et al. discovered that tumor DNA can be detected and
analyzed in the blood of most patients with head and neck cancers, as well as in the saliva of those with cancers
of the oral cavity. Moreover, they found preliminary evidence suggesting that tumor DNA may be detectable in
saliva before clinical evidence of tumor recurrence, which may be useful for patient monitoring if this result is
confirmed in larger studies.

