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Abstract Lung cancer is the leading cause of cancer
death for both men and women worldwide. Since most of
the symptoms found for lung cancer are nonspecific,
diagnosis is mostly done at late and progressed stage with
the consecutive poor therapy outcome. Effective early
detection techniques are sorely needed. The emerging field
of salivary diagnostics could provide scientifically credible,
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easy-to-use, non-invasive and cost-effective detection
methods. Recent advances have allowed us to develop
discriminatory salivary biomarkers for a variety of diseases
from oral to systematic diseases. In this study, salivary
transcriptomes of lung cancer patients were profiled and
led to the discovery and pre-validation of seven highly
discriminatory transcriptomic salivary biomarkers (BRAF,
CCNI, EGRF, FGF19, FRS2, GREB1, and LZTS1). The
logistic regression model combining five of the mRNA
biomarkers (CCNI, EGFR, FGF19, FRS2, and GREB1)
could differentiate lung cancer patients from normal control subjects, yielding AUC value of 0.925 with 93.75 %
D. T. W. Wong
Division of Head and Neck Surgery/Otolaryngology, David
Geffen School of Medicine, University of California-Los
Angeles, Los Angeles, CA 90095, USA

D. T. W. Wong
e-mail: dtww@ucla.edu

D. T. W. Wong
Henry Samueli School of Engineering and Applied Science,
University of California-Los Angeles, Los Angeles, CA 90095,
USA

Present Address:
H. Zhou
Genome Sciences Resource, Vanderbilt University Medical
Center, Nashville, TN, USA

D. T. W. Wong
Dental Research Institute, School of Dentistry, University of
California-Los Angeles, 10833 Le Conte Avenue, 73-017 CHS,
Los Angeles, CA 90095, USA

D. Chia
Department of Pathology and Laboratory Medicine, David
Geffen School of Medicine, University of California-Los
Angeles, Los Angeles, CA 90095, USA
J. M. Lee ! D. Chia ! N.-H. Park ! D. T. W. Wong
Jonsson Comprehensive Cancer Center, David Geffen School of
Medicine, University of California-Los Angeles, Los Angeles,
CA 90095, USA
D. Elashoff
Department of Medicine, David Geffen School of Medicine,
University of California-Los Angeles, Los Angeles, CA 90095, USA

S. Santiago ! N.-H. Park
David Geffen School of Medicine, University of California-Los
Angeles, Los Angeles, CA 90095, USA
J. M. Lee
Department of Surgery, David Geffen School of Medicine,
University of California-Los Angeles, Los Angeles, CA 90095, USA
E. B. Garon
Department of Medicine, Division of Hematology/Oncology,
David Geffen School of Medicine, University of California-Los
Angeles, Los Angeles, CA 90095, USA

123

L. Zhang et al.

sensitivity and 82.81 % specificity in the pre-validation
sample set. These salivary mRNA biomarkers possess the
discriminatory power for the detection of lung cancer. This
report provides the proof of concept of salivary biomarkers
for the non-invasive detection of the systematic disease.
These results poised the salivary biomarkers for the initiation of a multi-center validation in a definitive clinical
context.
Keywords Human saliva ! Transcriptomic !
Lung cancer ! Biomarker signature ! Early detection
Abbreviations
CT
Computerized tomography
MACs Malignancy-associated changes
ROC
Receiver-operating characteristic
AUC
Calculation of the area under the curve
qPCR
Quantitative polymerase chain reaction
COPD Chronic obstructive pulmonary disease
EGFR Epidermal growth factor receptor
BRAF v-raf murine sarcoma viral oncogene homolog
B1
LZTS1 Leucine zipper, putative tumor suppressor 1

Introduction
According to the National Cancer Institute, lung cancer is
the leading cause of cancer death for both men and women
worldwide. In 2010, 222,520 new lung cancer patients
were diagnosed in the United States, and roughly 87 %
were non-small-cell lung carcinomas [1]. Smoking, particularly of cigarettes, is by far the main contributor to lung
cancer [2–4], which is responsible for 90 % of all lung
cancers. In the United States, it is estimated that there are
45 million current smokers and 46 million ex-smokers who
are at increased risk for developing lung carcinoma. Over
75 % of lung cancer cases are diagnosed in late stages
because there remains no practical way to screen a large
number of people at risk. The 5-year relative survival rates
of lung and bronchus cancer in 2010 is only 16 % in the
United States, slowly increased 3 % from that of 30 years
ago [1]. The poor results in lung cancer treatment can be
attributed to different factors and the high mortality rate for
lung cancer, in part, is from a lack of effective tools to
detect the disease at an early stage [3, 4]. Early detection
offers the promise of improved cure rates. New strategies
to identify high-risk individuals are sorely needed to control the disease.
The first attempts to identify early detection and
screening tools with sputum cytology and chest X-ray
failed to increase the number of curable cases [5].
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Subsequently, computerized tomography (CT) was developed, with increased resolution for detecting small nodules.
Broad application of CT screening to high-risk populations
has several drawbacks [5, 6]. A recently released study
shows that low-dose helical CT might be helpful for lung
cancer screening [7]. Besides, flexible bronchoscopy is a
relatively non-invasive initial diagnostic test [4]. The sensitivity of bronchoscopy for lung cancer ranges from 30 to
80 %. As a result, most patients require further invasive
diagnostic tests, which delay treatment and generate additional costs and risks for complications.
In the last decade, biomarker discovery for lung cancer
detection has focused on sputum [5, 8], bronchoalveolar
lavage [9], lung condensate/expired air [10] and blood [11],
or more invasively on tissue [12], using proteomic, as well
as genomic approaches. Sputum might be an ideal source
for lung caner biomarker development, in that it has clinical relevance with the organ. However, the development
of detection biomarkers in these sources is limited, mainly
because of lack of sensitivity and specificity. Especially,
sputum for automated analysis or biomarker analysis has
not demonstrated feasibility, since 30 % of the high-risk
population of ex-smokers has difficulty producing phlegm
after multi-day collections [13]. There is a pressing need
for new sources to harness discriminatory biomarkers for
early detection of lung cancer, which should carry significant translational potentials.
As a mirror of the body, saliva is readily accessible and
harbors diverse components, including protein [14], RNA
[15], and exosomes [16], which may serve as biomarkers
[17, 18]. There are many advantages to use saliva as a
clinical diagnostic biofluid. Sample collection is simple,
non-invasive, and causes less anxiety on the part of
patients. The use of saliva also offers a cost-effective
approach for large-scale screens [17]. Biomarker signatures
in human saliva are telltale molecules that could be used to
monitor the health status, disease onset, treatment responsiveness, and outcome. Informative biomarkers can further
serve as early sentinels of disease, and this has been considered as a promising alternative to classic environmental
epidemiology [17, 19]. In the past decade, a number of
findings have stimulated interests in the use of saliva as a
source of biomarkers [20–22]. Salivary proteomic and
genomic biomarkers have been successfully developed by
our team for the detection of oral squamous cell carcinoma
[20, 21, 23], Sjögren’s syndrome [24], pancreatic cancer
[15], and breast cancer [25]. Most recently, our lab has
successfully discovered and pre-validated three candidate
proteomic biomarkers for the detection of lung cancer in
human saliva [26].
In this study, human saliva samples were collected from
42 lung cancer patients and 74 healthy control subjects.
Salivary transcriptomes were analyzed by gene microarray
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and compared in the two groups. We hypothesized that
discriminatory lung cancer transcriptomic biomarker signatures are present in human saliva, which could be
harnessed and clinically used to discriminate lung cancer
patients from cancer-free control subjects.

the Affymetrix HG U133 Plus 2.0 Array (Affymetrix,
Santa Clara, CA). Biomarker signatures identified from the
microarray study were first verified in the discovery sample
set (n = 20). A pre-validation sample set, including 32
lung cancer samples and 64 matched control samples, was
used for further biomarker pre-validation.

Patients and methods

Salivary transcriptomic profiling and data analysis

Patients and the study design

For transcriptome profiling, 330 ll of the saliva supernatant
of each individual sample was used and processed according
to the previously described protocol [25]. Briefly, MagMax
Viral RNA isolation kit (Ambion, Austin, TX) was used for
saliva RNA isolation by using KingFisher mL technology
(Thermo Fisher Scientific, Waltham, MA). Following
TURBO DNase treatment, extracted RNA was linearly
amplified. After purification, complementary DNA (cDNA)
was in vitro transcribed and biotinylated using GeneChip
Expression 30 -Amplification Reagents for in vitro transcription labeling (Affymetrix, Santa Clara, CA). The Affymetrix
Human Genome U133 Plus 2.0 Array, which represents
[54,000 transcripts and variants, was used for the discovery
on the ten randomly selected lung cancer samples and ten
matched control samples. Salivary mRNA profiling was
performed at the UCLA Microarray Core Facility. Using the
minimum information about a microarray experiment (MIAME) criteria [27], all Affymetrix Human Genome U133
Plus 2.0 Array data generated in this study has been uploaded
to the GEO database (http://www.ncbi.nlm.nih.gov/geo). The
access number is GSE32175.

Recently diagnosed and untreated lung cancer patients and
matched cancer-free controls were recruited from the UCLA
Medical Center under an approved IRB (UCLA IRB#10000505). Written informed consent forms and questionnaire
data sheets were obtained from all participants. Controls were
matched for gender, age, and ethnicity with the cancer group.
Their smoking history was matched generally by whether they
are non-smokers or smokers (current smokers and ex-smokers). Any participants with a diagnosis of any malignancy
within the last 5 years were excluded from the study. Patient
demographics and clinical profiles are presented in Table 1.
Unstimulated whole saliva was collected and processed
according to previously established protocol [21, 25]. Briefly,
saliva samples were kept on ice during collection and were
then centrifuged at 2,600 9 g for 15 min at 4 "C. For preservation of salivary RNA, the supernatant was removed from
the pellet and treated with RNase inhibitor (Superase-In,
Ambion Inc., Austin, TX) and stored at -80 "C prior to assay.
This study consisted of two phases, a discovery phase,
followed by a pre-validation phase (Fig. 1). Of these collected samples, ten lung cancer samples and ten matched
control samples were randomly selected for the biomarker
discovery. The transcriptomic approach profiled the saliva
supernatant samples from the discovery sample set using
Table 1 Patient demographics
and clinical profiles

Demographic

Range

The microarray data analysis was performed using R 2.7.0
(http://www.r-project.org). The probe logarithmic intensity

Discovery set
Cancer (n = 10)

Age, years

U133 Plus 2.0 array data analysis

Confirmation set
Control (n = 10)

Cancer (n = 32)

Control (n = 64)

59.2 ± 6.36

60.4 ± 4.72

64.28 ± 10.43

61.53 ± 8.11

45–69

45–71

43–90

45–89

Sex
Male

5

5

16

28

5

5

16

36

Caucasian

8

8

25

51

Others

2

2

7

13

6

7

24

40

Female
Ethnicity (USA)

Smoke history
Yes
Lung cancer
NSCLC Non-small-cell lung
carcinoma, SCLC small cell
lung carcinoma

NSCLC

9

28

SCLC

1

4
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Saliva samples from 116 individuals
(42 cancer + 74 control)

Fig. 1 The study design for the
two phases salivary mRNA
biomarker development for lung
cancer

Discovery phase

Pre-validation phase

(10 cancer + 10 control)

(32 cancer + 64 control)

Transcriptomics approach
U133plus2.0 microarray
Biomarker
confirmation

Accuracy
assessment

Microarray data analysis and
Biomarker selection

Initial verification of candidates
qPCR vs. microarray

error (PLIER) [28] estimation expression measures were
computed after background correction and quantile normalization for each microarray data set. Probe set-level
quantile normalization was performed across all samples to
make the effect sizes similar in all data sets. Finally, for
every probe set, the two-sample t test was applied to
identify differential expression between lung cancer and
healthy control. After obtaining the estimates and the
p values of each probe set, we corrected the p values for
false discovery rate.
Microarray candidate identification, logistic regression
method, leave-one-out cross-validation, construction of
receiver operating characteristic (ROC) curve, calculation
of the area under the curve (AUC) and intergroup comparison of quantitative polymerase chain reaction (qPCR)
results were performed as previously described [25].
mRNA biomarker verification and pre-validation using
qPCR
The selected candidate mRNA biomarkers were first verified with qPCR in the discovery sample set as described
previously [24, 29]. qPCR primers were designed using
Primer Express 3.0 software (Applied Biosystems, Foster
City, CA). Raw Ct values of biomarker candidates were
normalized to Ct values of GAPDH. All primers were
synthesized by Sigma-Genosys (Woodlands, TX). The
amplicons were intron spanning whenever possible. qPCR
was carried out in duplicate. Initial verified biomarker
signatures were then assayed by qPCR in the 96 saliva
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samples of pre-validation set (32 lung cancer cases and 64
matched controls). The Wilcoxon test was used to compare
the biomarkers between groups. The gene accession numbers and primer sequences used for transcriptomic
biomarker verification and pre-validation are shown in
Supplementary Table S1.
Biomarker performance evaluation
As described previously [15], the performance of the
individual biomarker and biomarker panel was evaluated
by constructing the ROC curve and computed the AUC
value by numerical integration of the ROC curve. The
sensitivity and specificity for the biomarker combinations
were estimated by identifying the cut-off point of the
predicted probability that yielded the highest sum of sensitivity and specificity.
Cross-disease comparisons of salivary mRNA
biomarkers based on microarray studies
The validated mRNA biomarker signatures for lung cancer
detection were checked with other microarray studies that
have been conducted in our laboratory on different diseases, including pancreatic cancer, ovarian cancer, breast
cancer, type II diabetes, and chronic obstructive pulmonary
disease (COPD). Briefly, t test-based p values were calculated for all validated genes of lung cancer study in other
microarray studies to check whether they were also significantly varied between cancers and controls in those
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diseases. Variation was considered significant if p value
was \0.05.

Results
Salivary transcriptomic biomarker discovery
In the discovery phase (Fig. 1), expression microarrays
were used to examine gene expression profiles and levels in
saliva samples from lung cancer patients (n = 10) and
matched cancer-free controls (n = 10). The quantity and
quality of extracted mRNA in saliva was measured for the
20 samples to ensure the sufficiency and accuracy for
microarray profiling. On average, about 150 ng of total
RNA was obtained from 330 ll of saliva supernatant.
There was no significant difference between the lung
cancer group and the matched control group. GAPDH was
consistently used for normalization in all qPCR experiments [29]. After two rounds of RNA amplification, the
yield of biotinylated cRNA was about 35 lg (n = 20) on
average. There were no significant differences in the yield
of cRNA between lung cancer patients and matched
controls.
In total, transcriptomic analysis revealed that 2,212
genes exhibited a greater than twofold up-regulation, and
1,114 genes exhibited greater than twofold down-regulation in the saliva of lung cancer patients compared to the
matched controls (n = 20, p \ 0.05). Of these, 593 genes
showed greater than fivefold up-regulation and 585 genes
showed greater than fivefold down-regulation in the saliva
of lung cancer patients (p \ 0.05). These transcripts
identified were unlikely to be attributed to chance (v2 test,
p \ 0.0001), considering the false-positive rate with
p \ 0.05. The top 99 up-regulated transcripts were
selected as the first set of biomarker candidates. Many of
them have been shown to be related to lung cancer or
other cancers, including epidermal growth factor receptor
(EGFR), v-raf murine sarcoma viral oncogene homolog
B1 (BRAF) and leucine zipper, putative tumor suppressor
1 (LZTS1).

Table 2 Performance of seven
individual pre-validated mRNA
markers

Identification of mRNA biomarkers for lung cancer
In order to verify the microarray data for further independent validation, the top 16 up-regulated transcripts out of
99 top candidates were selected for evaluation. qPCR was
performed to verify the microarray results on the discovery
sample set (n = 20). The results confirmed that the relative
mRNA expression levels of 12 of the 16 up-regulated
transcripts were consistent with the microarray data. All 12
biomarkers showed significant differences between lung
cancer and the matched controls (p \ 0.05): GREB1,
LZTS1, FGF19, CCNI, EGFR, BRAF, FRS2, GFRA1,
HDAC6, TNFRSF25, CTAGE1, and SYK.
qPCR pre-validation
The 12 verified candidates were subjected to an independent
pre-validation using a new independent cohort of 32 lung
cancer samples and 64 matched control samples. As shown in
Table 2, seven of the 12 up-regulated genes were validated,
including BRAF, CCNI, EGFR, FGF19, FRS2, GREB1, and
LZTS1. These seven mRNA biomarkers all showed significant differences between lung cancer and the matched
controls (p \ 0.05, n = 96), yielding AUC values between
0.707 and 0.850 (Table 2). The expression patterns of these
mRNA biomarker signatures were consistent with the
microarray data (up-regulation and fold change). The heat
map of these seven markers in 32 lung cancer samples and 64
control samples is shown in Fig. 2.
Prediction models using the pre-validated salivary
mRNA biomarkers
To demonstrate the clinical utility of salivary mRNAs biomarker signatures for lung cancer detection, logistic
regression models were built based on different combinations
of these biomarkers (Table 3). The logistic regression model
with the combination of five mRNA biomarkers (CCNI,
EGFR, FGF19, FRS2, and GREB1) could differentiate lung
cancer patients from control subjects, yielding an AUC value
of 0.925 with 93.75 % sensitivity and 82.81 % specificity).

p value

AUC

Sensitivity

Specificity

Reported relation
to cancer

BRAF

0.002

0.707

0.66

0.77

[38]

CCNI

\0.001

0.850

0.94

0.66

[51]

EGFR

\0.001

0.764

0.78

0.67

[37]

FGF19

\0.001

0.820

0.75

0.86

[45]

FRS2

\0.001

0.745

0.59

0.84

[46]

GREB1
LZTS1

\0.001
\0.001

0.806
0.755

0.84
0.69

0.75
0.81

[52]
[39]

mRNA marker
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Fig. 2 Heat map of the seven pre-validated genes in the pre-validation sample set (n = 96). The pre-validation sample set including 32 lung
cancer samples and 64 matched control samples
Table 3 Performance of different biomarker combination in the pre-validation sample set
mRNA biomarker combination

AUC

Sensitivity
(%)

Specificity
(%)

Sensitivity (%) ?
specificity (%)

CCNI

0.8501

93.75

65.63

159.38

CCNI ? FGF19

0.8782

93.75

75.00

168.75

CCNI ? FGF19 ? GREB1

0.9146

93.75

78.13

171.88

CCNI ? FGF19 ? GREB1 ? FRS2

0.9165

93.75

76.56

170.31

CCNI ? FGF19 ? GREB1 ? FRS2 ? EGFR

0.9253

93.75

82.81

176.56

CCNI ? FGF19 ? GREB1 ? FRS2 ? EGFR ? LZTS1

0.9241

90.63

85.94

176.57

CCNI ? FGF19 ? GREB1 ? FRS2 ? EGFR ? LZTS1 ? BRAF

0.9224

90.63

85.94

176.57

The biomarker combination in bold is the best combination with the highest AUC value

Figure 3a showed the ROC curve for the combination of the
five mRNA biomarkers, and Fig. 3b was the corresponding
interactive dot diagram of these biomarkers in the 96 prevalidation samples.
Cross-disease comparisons of salivary mRNA
biomarkers
It is possible that the different cancers may have overlapping salivary biomarker signatures, which make it very
100

(A)

important to determine the specific profiles of molecular
changes in specific cancer types. We evaluated the specificity of the seven pre-validated salivary lung cancer
mRNA biomarkers against other microarray discovery
studies that have been performed in our laboratory on
diverse diseases, including pancreatic cancer [15], ovarian
cancer, breast cancer [25], type II diabetes, and COPD. As
shown in Table 4, none of the seven mRNAs/transcripts
were significantly altered in other cancer/disease microarray studies (p [ 0.05). It is worth mentioning that most

1.0

(B)

80

Sensitivity

0.8
60

0.6

40

0.4

20

AUC=0.925
Sensitivity=93.75%
Specificity=82.81%

0.2

0

0.0
0

20

40

60

80

100

100 - Specificity
Fig. 3 ROC curve and interactive dot diagram for the logistic regression
model. a Logistic regression model using five biomarkers (CCNI, FGF19,
FRS2, GREB1, and EGFR) in the pre-validation sample set results in AUC
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Lung cancer

value of 0.925 with 93.75 % sensitivity and 82.81 % specificity (cut-off,
0.2598). b Interactive dot diagram based on the qPCR data of the lung
cancer group (n = 32) and healthy control group (n = 64)
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Table 4 Cross-disease comparison of microarray profiles of seven validated mRNA biomarkers
mRNA
marker

Lung cancer

Pancreatic
cancer

Ovarian
cancer

Breast
cancer

Type II diabetes

COPD

BRAF

0.002

0.684

0.826

0.965

0.987

0.090

CCNI

\0.001

0.925

0.058

0.404

0.095

0.548

EGFR

\0.001

0.832

0.257

0.664

0.855

0.559

FGF19

\0.001

0.071

0.130

0.425

0.341

0.646

FRS2

\0.001

0.343

0.657

0.264

0.108

0.849

GREB1

\0.001

0.850

0.612

0.321

0.334

0.822

LZTS1

\0.001

0.273

0.529

0.466

0.194

0.211

Cancer specificity of the seven validated mRNA biomarkers was evaluated across different microarray discovery studies performed in our
laboratory on diverse diseases, including pancreatic cancer, ovarian cancer, breast cancer, type II diabetes, and COPD.
t test-based p values were calculated for each transcript between diseases and healthy controls in different microarray studies. All of the mRNAs/
transcripts that showed significant variations in this lung cancer study were not significantly altered in other diseases microarray studies
(p [ 0.05)

lung cancer patients will have COPD because both conditions are mainly caused by smoking [30, 31]. Especially,
many of the common symptoms of lung cancer are similar
to those of COPD, which is very necessary to differentiate
it from lung cancer. Our gene microarray data shown that
the pre-validated mRNA biomarker could not differentiate
COPD from normal control (p [ 0.05). All these crossdisease comparisons indicated that the validated mRNA
biomarkers in saliva were specific for lung cancer.
Influence of smoking
Among the 96 subjects in the pre-validation study, 64 of
them were smokers and 32 of them were non-smokers.
Twenty-four of the 32 lung cancer patients were smokers
while eight were non-smokers. The seven biomarkers’
performance were evaluated in non-smokers and smokers
(Table 5). The significant difference between each group
was labeled in bold. For cancer-free control subjects,
smoking history did not change these biomarkers’ saliva
levels significantly, except for CCNI (row 1). The same
was found for lung cancer patients in row 2. When compared to the cancer-free subjects, the expressions for most
of these biomarkers in the saliva of lung cancer patients

were significantly different. Especially, for the patients
with smoking history, all seven salivary markers were
significantly altered (rows 3 and 6).

Discussion
Lung cancer is a highly prevalent disease with a very poor
therapeutic outcome. This is mainly because most lung cancers are detected at late stages where the successful cures are
unlikely and death rates are high. As in all cancers, early
detection would be the key for improved survival rates.
Current blood-based tests for lung cancer, including CA
125, CA 19-9, CA15-3, CEA, SCC, CYFRA 21-1 and
NSE, lack of sufficient sensitivity and specificity to be of
use in screening of lung cancer [32, 33]. For example, the
tumor marker sensitivity for CYFRA 21-1, CA 125, CEA,
SCC, and NSE was ranging from 22 to 76 % [33]. Diagnostic value of CYFRA 21-1, CEA CA19-9, CA15-3, and
CA 125 assays in pleural effusions have been evaluated
and the accuracy of these markers is relatively low (ranging
from 40.5 to 85.3 %) [34]. The utility of these biomarkers
for discriminating lung cancer from healthy control is
limited by their low sensitivity and specificity.

Table 5 Smoking on the performance of salivary mRNA biomarkers
Gene symbol
(smk-)(lc-) versus (smk?)(lc-)

BRAF
a

0.82163

CCNI
b

0.00089

EGFR

FGF19

FRS2

GREB1

LZTS1

0.28618

0.78227

0.25152

0.28517

0.31999

(smk-)(lc?) versus (smk?)(lc?)

0.35609

0.30198

0.11439

0.83628

0.74682

0.75930

0.35904

(smk-)(lc-) versus (smk?)(lc?)

0.05855

0.01779

0.01189

2.5E205

0.00111

3.9E205

0.02560

(smk?)(lc-) versus (smk-)(lc?)

0.07632

0.00026

0.00665

0.12541

0.12215

0.00291

0.00237

(smk-)(lc-) versus (smk-)(lc?)
(smk?)(lc-) versus (smk?)(lc?)

0.09384
0.01103

0.03145
1.6E207

0.01532
0.00015

0.10500
0.00015

0.05017
0.00501

0.00063
6.7E205

0.01466
0.00043

a

(smk-), non-smokers; (smk?), smokers; (lca), healthy control subjects; (lc?), lung cancer patients

b

t test-based p value is in bold if \0.05
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Our study showed that saliva harbors highly discriminatory transcriptomic biomarkers that could be used for
effective and non-invasive lung cancer detection. The
combination of five transcriptomic markers yielded a sensitivity of 93.75 % and a specificity of 82.81 % in the prevalidation sample set. These values are encouraging and
highly promising. The performance of these salivary lung
cancer biomarkers are in the same range as the ones found
for pre-validated salivary markers for oral cancer [21],
Sjögren’s syndrome [24], pancreatic cancer [15], and breast
cancer [25]. This again highlights the clinical utility of
salivary diagnostics for molecular oncology applications.
Especially, our lab has successfully developed three candidate proteomic biomarkers for the detection of lung
cancer in human saliva [26]. The three proteomic biomarker panel could reach 88.5 % sensitivity and 92.3 %
specificity with AUC = 0.90. We foresee that the combination of proteomic and transcriptomic biomarkers could
achieve more ideal performance for the detection of lung
cancer.
In this study, the profiles of molecular signatures in
saliva and their changes between disease and controls have
been successfully linked to the detection of lung cancer.
Consistent with previous studies, our high-throughput
analysis indicated that the mRNA in the saliva supernatant
is relatively stable and informative and is a suitable source
of disease discriminatory biomarkers [21, 24, 35, 36]. The
consistency between different mRNA analysis methods
(microarray and qPCR) demonstrated that the alteration of
the salivary mRNA signatures between the cancer group
and control group could serve as biomarkers for the
detection of lung cancer. The known biological functions
of these seven validated mRNA biomarkers are shown in
supplementary Table S2, mainly linked to nucleotide
binding, protein binding, and protein kinase activity. Many
of them (EGFR [37], BRAF [38], and LZTS1 [39]) have
been shown to be related to lung cancer or other cancers
(Table 2).
Of note is that EGFR, a frequently mutated molecular
target in lung cancer [40–42], is a discriminatory biomarker
in saliva. EGFR was more abundantly expressed in lung
carcinoma tissue than in adjacent normal lung, prompting
the development of specific pharmacological inhibitors
such as gefitinib, which disrupts EGFR kinase activity by
binding the adenosine triphosphate pocket within the catalytic domain [41, 42]. Indeed, EGFR mRNA was elevated
in the saliva of lung cancer patients (Fig. 2). EGFR
amplification was detected in dysplasia, which is associated
with lung-cancer risk when detected in the sputum of
smokers [43]. Furthermore, BRAF, the downstream factor
of EGFR, was mutated with different frequencies in nonsmall-cell lung cancer and its mutations in tissue might
predict clinical response to EGFR inhibitors [44]. FGF19
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was overexpressed in lung squamous cell carcinomas relative to normal tissues [45], which is consistent with our
finding in saliva. FRS2b, belongs to the FRS2 family, was
a potential prognostic gene for non-small-cell lung cancer,
encodes a feedback inhibitor of EGF receptor family
members by ERK binding [46].
Smoking, particularly of cigarettes, is by far the main
etiological contributor to lung cancer [2, 47, 48]. Smoking’s effects on the performance of salivary biomarkers
were assessed and compared (Table 5) in this study. In the
healthy control subjects group, smoking only elevated
salivary level of CCNI significantly (p \ 0.05). In the lung
cancer patients group, none of the seven verified genes
were significantly changed because of smoking. In those
subjects who have a smoking history and developed lung
cancer, all seven salivary mRNAs were significantly elevated. If subjects did not have smoking history but
developed lung cancer, four out of the seven salivary
mRNAs were significantly elevated, which may due to the
limited number of lung cancer patients in this group
(n = 8). This demonstrated that smoking has minor impact
on the performance of these salivary mRNA markers.
Our study is the first systematic study that profiling
transcriptome in saliva samples of lung cancer patients.
The salivary biomarkers that have been identified and prevalidated are discriminatory for the detection of this cancer, with high sensitivity and specificity. Our findings
enhance the prospect of an important role for salivary
diagnostics in the detection of systemic diseases. Not only
are these saliva-based diagnostic and detection tests for
lung cancer simple and non-invasive, they may also represent an improvement in specificity and sensitivity over
currently used procedures for lung cancer detection.
We are aware of the lack of mechanistic data that
explains the scientific rationale why cancer in an adjacent
or distal organ (for example, lung) can result in saliva
biomarker profile changes. These mechanistic data are
emerging. Using animal models and a systems approach,
we have demonstrated that upon development of systemic
diseases (lung cancer and melanoma), there are robust and
highly discriminatory salivary biomarker profile changes in
the mouse model [49]. Furthermore, mediators from distal
tumors can alter salivary gland transcription factor activities responsible for the majority of gene and protein
expression changes detected in saliva [15, 49].

Conclusions
Through the two phases of biomarker discovery and prevalidation study of salivary mRNA biomarker development
for lung cancer detection, our data showed that a panel of
pre-validated salivary biomarkers have the potential to

Salivary transcriptomic biomarkers for lung cancer

assist current detection strategies for lung cancer. The
performance of these pre-validated salivary transcriptomic
biomarkers was evaluated, which has demonstrated their
discriminatory power for lung cancer detection. To the best
of our knowledge, the present study is the first report on de
novo salivary transcriptomic biomarker development for
lung cancer detection. Although further validation in a
larger sample set is necessary for definitive validation,
these discovered and confirmed salivary biomarkers have
the potential to be used for the non-invasive detection of
lung cancer. The results poised the salivary biomarkers for
the initiation of a multi-center PRoBE-designed (acronym
for prospective specimen collection, retrospective blinded
evaluation) validation in a definitive clinical context [50].
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