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Abstract

Background: To identify aberrant promoter methylation of genomic loci encoding microRNA (mgmiR) in head and
neck squamous cell carcinoma (HNSCC) and to evaluate a biomarker panel of mgmiRs to improve the diagnostic
accuracy of HNSCC in tissues and saliva.

Methods: Methylation of promoter regions of mgmiR candidates was initially screened using HNSCC and control
cell lines and further selected using HNSCC and control tissues by quantitative methylation-specific PCR (gMS-PCR).
We then examined a panel of seven mgmiRs for validation in an expanded cohort including 189 HNSCC and 92
non-HNSCC controls. Saliva from 86 pre-treatment HNSCC patients and 108 non-HNSCC controls was also examined
using this panel of seven mgmiRs to assess the potentials of clinical utilization.

Results: Among the 315 screened mgmiRs, 12 mgmiRs were significantly increased in HNSCC cell lines compared
to control cell lines. Seven out of the 12 mgmiRs, i.e, mgmiR9-1, mgmiR124-1, mgmiR124-2, mgmiR124-3, mgmiR129-2,
mgmiR137, and mgmiR148a, were further found to significantly increase in HNSCC tumor tissues compared to control
tissues. Using multivariable logistic regression with dichotomized variables, a combination of the seven mgmiRs had
sensitivity and specificity of 92.6 and 92.4% in tissues and 76.7 and 86.1% in saliva, respectively. Area under the receiver
operating curve for this panel was 0.97 in tissue and 0.93 in saliva. This model was validated by independent bootstrap
validation and random forest analysis.

Conclusions: mgmiR biomarkers represent a novel and promising screening tool, and the seven-mgmiR panel is able
to robustly detect HNSCC in both patient tissue and saliva.
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Background

Head and neck squamous cell carcinoma (HNSCC) com-
promises approximately 90% of all head and neck cancers
and 5% of all malignancies [1, 2]. HNSCC has also seen an
increasing rate of prevalence over the past 30 years due to
HPV infection [3]. Despite advancements in cancer ther-
apy, the prognosis for HNSCC patients remains poor [3].
The low survival rate is in stark contrast to the increase in
survival rates of many other cancers. One of the main rea-
sons for the poor prognosis of HNSCC is that by the time
of diagnosis, more than half of HNSCC patients have
locoregionally advanced disease. Therefore, early detection
may be key to improving survival rates in the future [4].

Current early screening methods for HNSCC in the
clinic are limited to physical examination or optical de-
vices by either dentists or primary care physicians. These
then lead to a referral to a specialist. Around that time,
medical imaging, such as MRI, CT scan, or laryngoscopy,
are still the main methods for initial clinical diagnosis,
leading eventually to a biopsy or surgical procedure for
confirmation. [5]. These initial imaging methods are sub-
jective, inaccurate, invasive, costly, and inconvenient.
Moreover, utilizing the current system leads to signifi-
cant diagnostic delays so that by the time of diagnosis,
over 2/3 of HNSCC patients already have in advanced
stage disease [6]. Thus, development of an objective, ac-
curate, non-invasive, low cost, and convenient method
for early detection would be highly beneficial.

Development of cancer-specific biomarkers for detection
of initial HNSCC and recurrence has been widely explored
using DNA-based (loss of heterozygosity, mutation, and
DNA methylation), RNA-based, and protein-based assays
in both patient tissues and saliva [7—17]. DNA methylation
usually occurs early in the process of tumorigenesis and
has been widely developed as a basis for biomarkers for
human cancers [18-21]. Several methylation markers have
been approved by the FDA for clinical application, includ-
ing MGMT in glioblastoma [22] and the ColoGuard stool-
based screen for colorectal cancer patients [23]. Develop-
ment of DNA methylation biomarkers for HNSCC detec-
tion has also been reported [7, 19]. However, biomarker
studies are still limited to the research phase, and no
biomarker-based assays for early detection have been used
clinically for HNSCC patients.

MicroRNAs (miRNAs) are a class of non-coding small
RNAs, which negatively regulate gene expression at the
post-transcriptional level [24]. A number of miRNAs
have been found to be deregulated in human cancers
through various mechanisms [25]. One of the mecha-
nisms responsible for reduced or loss of miRNA expres-
sion is epigenetic silencing of miRNA genes by DNA
methylation at the genomic loci encoding the miRNAs
[26]. Currently, more than 20 miRNAs have been re-
ported to be silenced by DNA methylation in multiple
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human cancers [27, 28]. We have reported that DNA
methylation of miR9 specifically occurred in a subset of
human HNSCC tissue samples [29]. However, their po-
tential as a novel class of biomarker for human cancer
detection has not been fully assessed.

We hypothesized that DNA methylation at the gen-
omic loci encoding miRNA (mgmiRs) represents a novel
class of modification and could be efficiently utilized for
human cancer including HNSCC. We tested this hy-
pothesis by screening and selecting mgmiRs in both cell
lines and tissues from HNSCC patients and normal con-
trols. We then investigated panel of seven mgmiRs, i.e.,
9-1, 124-1, 124-2, 124-3, 129-2, 137, and 148a, in an ex-
panded patient’s cohort, including 189 HNSCC tissues
and 92 control tissues. The translational application of
this panel of mgmiRs was further evaluated in saliva
from 86 HNSCC patients and 108 control patients.
Lastly, we assessed the association of individual mgmiRs
with demographic and clinical pathological information
in both tissue and saliva.

Methods

Patient information

This study was conducted on human HNSCC surgical
samples from both the University of Colorado Anschutz
Medical Campus and the Oregon Health & Science Uni-
versity (OHSU) under the Institutional Review Board ap-
proval protocols from each institution. A written
informed consent was obtained from each subject. A total
of 281 different tissue specimens were used. Among them,
189 samples were HNSCC specimens from the time of
surgical resection and constituted our “tumor” group.
Ninety-two samples were from non-HNSCC patients
undergoing surgeries for sleep apnea or tonsillectomy with
no history of malignancy and used as our “non-HNSCC
control” group (Table 1). Saliva samples were collected in
86 previously untreated HNSCC patients and 108 control
patients including subjects enrolled in a community
screening study and non-HNSCC patients undergoing
surgeries for sleep apnea or tonsillectomy (Table 1). En-
rollment included collection of demographic information,
risk factor history, and clinical pathological information.
All information was registered in a Research Electronic
Data Capture (REDCap) database.

Preparation of samples

After harvesting, tissue was immediately taken to the la-
boratory where it was frozen and stored in liquid nitro-
gen until DNA extraction. For saliva collection, patients/
volunteers were required to refrain from eating, drink-
ing, chewing gums, and smoking 30 min before head. At
the time of saliva collection, patients gargled with nor-
mal saline solution two times for around 20 s each time.
Patients/volunteers were then instructed to spit their



Cao et al. Clinical Epigenetics (2018) 10:43 Page 3 of 13
Table 1 Demographic and clinicopathological information of participated patients
Variables Tissue Saliva
Controls HNSCC p Controls HNSCC p
(h=92) (n=189) (n=108) n=(86)
Age (years, mean + SD) 5498 +17.63 63.23+11.58 < 0.0001 53.77 £16.04 61.07 +9.66 0.0001
Gender 0.38 0.20
Male (%) 65.2%(60/92) 70.1% (131/187) 69.4% (75/108) 77.9% (67/86)
Female (%) 34.8%(32/92) 29.9% (56/187) 30.6% (33/108) 22.1% (19/86)

Smoking status

Never 25.6% (23/90) 224% (37/165)
Current 21.1% (19/90) 30.3% (50/165)
Ex-smoker 53.3%(48/90) 47.3% (78//165)
Location
0SCC n/a 50.8% (95/187)
OPSCC n/a 23.5% (44/187)
LSCC n/a 25.7% (48/187)
HPV status
Positive n/a 37.9% (25/66)
Negative n/a 62.1% (41/66)
Tumor size
T1 n/a 24.7% (46/186)
T2 n/a 26.3% (49/186)
T3 n/a 22.1% (41/186)
T4 n/a 26.9% (50/186)
Node status
NO n/a 41.9% (78/186)
N1 n/a 19.9% (37/186)
N2 n/a 35.5% (66/186)
N3 n/a 2.7% (5/186)
Stage
I n/a 18.3%(34/186)
Il n/a 10.8%(20/186)
Il n/a 31.7%(59/186)
v n/a 39.3%(73/186)

26.9% (29/108)
16.7% (18/108)
56.5% (61/108)

19.8% (17/86)
24.4% (21/86)
55.8% (48/86)

n/a 50.6% (42/83)
n/a 33.7% (28/83)
n/a 15.7% (13/83)
n/a n/a

n/a n/a

n/a 25.6% (20/78)
n/a 33.3% (26/78)
n/a 4.1% (11/78)
n/a 26.9% (21/78)
n/a 36.8% (28/76)
n/a 7.9% (6/76)
n/a 52.6% (40/76)
n/a 2.6% (2/76)
n/a 13.2%(10/76)
n/a 7.1%(13/76)
n/a 22.4%(17/76)
n/a 47.4%(36/76)

n/a not available

saliva into the collection tube for 5 min without swal-
lowing. Once collected, samples were immediately fro-
zen and stored at — 80 °C until ready for use.

DNA extraction and bisulfite conversion of genomic DNA

Tissue DNA was extracted from each tissue sample using
the DNeasy Blood & Tissue kit (QIAGEN, Hilden,
Germany), and saliva DNA was extracted using the
QiaAmp DNA mini kit (QIAGEN, Hilden, Germany) fol-
lowing the manufacturer’s instructions. Quantity and
quality of the extracted genomic DNAs were measured
using the Nanovue spectrophotometer (GE Healthcare).
Bisulfite conversion of 1 pg genomic DNA was performed

as described in the EZ DNA Methylation-Gold kit (Zymo,
Irvine, CA, USA) to create a template for gMS-PCR. The
bisulfate-modified genomic DNA was resuspended in
100 pl of water and stored at — 80 °C.

Quantitative methylation-specific PCR

Bisulfite-treated DNA was then used as a template for
qMS-PCR, which was performed using the methylation-
specific primers. For the primer designs, genomic se-
quence for each miRNAs including 1000 base upstream
were obtained from the UCSC genomic browser website.
The primers for methylation analysis were designed on
the basis of this sequence using MethPrimer software.
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All primer sequences are available upon request. The
analysis was performed using quantitative methylation-
specific PCR (qMS-PCR).

For each individual marker, the qMS-PCR protocol
was optimized prior to running the samples, in order to
identify the proper annealing temperature and maximize
the results to obtain a typical sigmoid result curve. Melt-
ing curves and gel were integrated to determine the spe-
cificity of each marker. Variables were adjusted for the
temperature, number of cycles, and length of each cycle.
Each reaction was performed in a 20-ul PCR mixture
consisting of 2 pl of bisulfite-converted DNA, 5 nmol/L
of forward primer, 5 nmol/L of reverse primer, and 4 pl
SYBR-green supermix (Biorad, Hercules, CA, USA).
QMS-PCR was run in triplicate on the CFX connect™
real-time detection system (Biorad, Hercules, USA).
First, samples were denatured at 95 °C for 5 min, this
was followed by 40 cycles of 95 °C for 30 s, and lastly for
a given primer, samples were exposed to the optimized
annealing/extension  temperature for 1  min.
Standardization was done by using UMSCCI10A cells
and subjecting the cells to methylation in vitro with ex-
cess Sss1 methyltransferase (New England Biolabs, Ips-
wich, MA, USA) to generate a completely methylated
DNA, and serial dilutions of this DNA were used for
constructing the calibration curve for each plate. Water
and reaction mix were also included in each plate to
serve as negative controls and to ensure that there was
no contamination. For each sample within each marker,
a relative methylation level was calculated using the dif-
ference in Ct values by the standard 274“' method in
which B-actin was used as an internal reference gene. A
Ct of 15 to 30 was considered a high methylation level,
and a Ct of 35, a low methylation level. A Ct value of
more than 40 was considered as undetectable.

HPV detection

An HPV signal was detected with amplification of L1 con-
sensus sequence using primers GP5+/GP6+ as previously de-
scribed [30]. Briefly, 20 ng of genomic DNA extracted from
tissue samples and cell lines was used for PCR amplification
by the forward primer GP5+ (5'-TTTGTTACTGTGGTA-
GATACTAC) and the reverse primer GP6+ (5'-GAAAAA-
TAAACTGTAAATCATATTC). The final PCR products
were analyzed by 2% agarose gel electrophoresis and eth-
idium bromide staining.

Statistical analysis

Descriptive statistics such as mean, standard deviation,
proportion, and percentage were used to summarize
demographic and clinicopathological characteristics of
study subjects. Chi-square or two-group 7 tests, as ap-
propriate, were used to compare HNSCC patients and
control patients.
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A univariate and combined analysis of the seven se-
lected mgmiRs was carried out using logistic regression.
The receiver operating curve (ROC) was computed for
each of the analyses. For each of the univariate analyses,
the Youden’s index (J) was used to determine the optimal
cutoff point to dichotomize a continuous mgmiR based
on the ROC plots. J can be formally defined as ] = Max-
imum (sensitivity + specificity — 1) on a ROC plot. The
cut-point that archives this maximum is referred to as the
optimal cut-point because it optimizes the biomarker’s dif-
ferentiating ability when equal weight is given to sensitiv-
ity and specificity [31]. Additionally, to indicate diagnostic
accuracy of each mgmiR, sensitivity, specificity, positive
predictive values (PPVs), and negative predictive values
(NPVs) were provided. The same quantities were also cal-
culated for the combination of the seven mgmiRs.

The bootstrap method was used to validate the perform-
ance of the combination of the seven mgmiRs internally,
where 2000 random samples with replacement were gen-
erated with each sample containing the same number of
observations as the original dataset. The same combined
analysis of the seven selected mgmiRs was carried out on
each sample and the average AUC and its 95% confidence
interval (2.5 and 97.5 percentiles) across the 2000 samples
were reported. In addition, random forest, a nonparamet-
ric classification approach was used to estimate the pre-
diction performance using the seven mgmiRs using the
CARET package in R (Kuhn M. 2016. R package version
6.0-73). Random forest analyses were conducted separ-
ately for tissue and saliva samples. The dataset was split
into training and testing datasets, using a 2/3 to 1/3 split
and random sampling. The random forest models were
trained using 5000 trees and 1000 bootstrap resamples. In
addition, for each type of sample (ie., tissue or saliva), it
was assessed whether the presence of demographic infor-
mation (ie., age, gender, and smoking history) improved
prediction results. The random forest models were then
applied to the testing dataset, and the ROC and area
under the ROC (AUC) were determined. Youden’s index
was used to determine a cutoff point on the ROC, and
sensitivity and specificity were determined. The median
and its 95% confidence interval for the sensitivity and spe-
cificity were estimated using 2000 bootstrap resamples
using the pROC package in R.

Results

DNA methylation at genomic loci encoding microRNAs
were identified in HNSCC cell lines

We utilized the following approaches to screen candi-
date methylated genomic loci encoding miRNAs
(mgmiRs) in HNSCC: (1) The UCSC genome browser
was used to obtain 1 Kb genomic sequences [GRch38]
of 5'-UTRs of 315 primary (Pri-) miRNAs in the Homo
sapiens miRBase [from has-let-7a-1 to has-mir-499b in
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miRbase, http://www.mirbase.org]. (2) The CpG island
prediction software (MethPrimer) was then utilized to
identify 26 genomic loci with CpG islands (defined as is-
land size >200 bp, GC content > 50%, observed/expect-
ation >0.6). (3) By designing methylation-specific
primers and running quantitative methylation-specific
PCR (qMS-PCR), we amplified methylation signals in 22
mgmiRs and found 12 mgmiRs that had increased
methylation in human HNSCC cell lines compared to
normal head and neck cell lines (Additional file 1: Fig-
ures S1 and S2). As shown in Additional file 2: Table S1,
we examined relative methylation levels in 12 HNSCC
cell lines including cell lines derived from age (ranging
from 22 to 70 years), both male and female, human pap-
illomavirus (HPV)-positive and HPV-negative HNSCCs,
an HNSCC from Fanconi anemia patient, and different
anatomic sites of the head and neck region. Four head
and neck normal cell lines were included as controls.

HNSCC patients and control patients were recruited for
this study

We included 189 tumor tissues from HNSCC patients
and 92 control tissues from non-HNSCC patients under-
going surgeries for sleep apnea or tonsillectomy (Table 1).
Clinical and demographic variables were similar in cases
and controls with exception of age. Subjects with
HNSCC patients were older than controls (63.23 vs.
54.98 years). Primary tumor sites included oral squa-
mous cell carcinoma (OSCC), 95 cases; oropharynx SCC
(OPSCC), 44 cases; larynx SCC (LSCC), 48 cases; and
two cases without location information. Among the 66
HNSCC tissue samples tested for HPV status, there were
25 (37.9%) HPV-positive cases and 41 (62.1%) HPV-
negative cases. Pathologic stage at diagnosis was T1 in
46 cases, T2 in 49 cases, T3 in 41 cases, and T4 in 50
cases; and NO in 78 cases, N1 in 37 cases, N2 in 66
cases, and N3 in five cases. Clinical staging was stage I
in 34 cases, II in 20 cases, III in 59 cases, and IV in 73
cases. There were three HNSCC cases without TNM in-
formation (Table 1). We also included 86 saliva from
pre-treatment HNSCC patients and 108 from control
patients of either undergoing surgeries for sleep apnea
or tonsillectomy, or coming for community screening.
Similar to tissue samples, clinical and demographic vari-
ables were similar in cases and controls with exception
of age. Subjects with HNSCC patients were older than
controls (61.07 vs. 53.77 years). Primary tumor sites in-
cluded OSCC, 42 cases; OPSCC, 28 cases; LSCC, 13
cases, and three cases without location information.
Pathologic stage at diagnosis was T1 in 20 cases, T2 in
26 cases, T3 in 11 cases, T4 in 21 cases, and eight cases
without information of tumor size; and NO in 28 cases,
N1 in 6 cases, N2 in 40 cases, and N3 in two cases. Clin-
ical staging was stage I in 10 cases, II in 13 cases, III in
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17 cases, and IV in 36 cases. There are ten HNSCC
cases without node and stage information (Table 1).

A panel of seven mgmiR biomarker was identified and
validated in HNSCC patient tissues

To further identify mgmiRs which can distinguish
HNSCC from control patient samples, we first examined
the 12 mgmiRs in a small sample cohort including 30
HNSCC patients’ tissue samples, and 25 age and gender-
matched normal head and neck tissues from either ton-
sillitis or sleep apnea patients. Based on the comparison
of relative methylation levels, seven mgmiRs, ie., 9-1,
124-1, 124-2, 124-3, 129, 137, and 148a, showed signifi-
cant elevation in HNSCC tissue compared to non-
HNSCC control tissues and were selected for further
study (Additional file 1: Figure S3).

We then expanded examination of the seven mgmiRs to
additional 159 HNSCC and 67 non-HNSCC control cases.
Fig. 1 and Additional file 2: Table S2 show the relative
methylation levels of the seven mgmiRs in the total of 189
(30 + 159) HNSCC and 86 (25 + 67) non-HNSCC control
tissues. The total methylation level in the HNSCC group
was significantly higher (p <0.0001) than that in the con-
trol group for all the seven mgmiRs. All data was analyzed
using both dichotomized and continuous variables. ROC
curves for HNSCC detection were generated using either
dichotomized variables or continuous variables (Add-
itional file 1: Figure S4A for each mgmiR). As shown in
Table 2, the univariate assessment of HNSCC diagnosis
from each of the seven dichotomized mgmiR variables in
tissue had sensitivities and specificities ranging from 43.9
to 77.3% and 85.9 to 100%, respectively. However, the com-
bined assessment of the seven mgmiRs in tissue resulted in
a higher sensitivity and a specificity that was within the
range seen in the univariate assessment, 92.6 and 92.4%, re-
spectively. The combined assessment of the seven mgmiRs
yielded 92.5% accuracy, 96.2% PPV, and 85.9% NPV with
an area under curve (AUC) of 0.97 (Table 2). Since age dif-
ference is a confounder factor, we also included age to-
gether with the seven mgmiRs for the combined
assessment. As shown in Table 2, inclusion of age slightly
enhanced specificity but no significant changes with other
parameters. Internal bootstrap validation had AUC of 0.97
with a 95% CI of 0.95-0.99. The results using continuous
forms of the mgmiR variables as opposed to dichotomous
forms were similar with 93.6% sensitivity, 92.4% specificity,
and AUC of 0.98 (Additional file 2: Table S3).

MgmiRs were associated with HPV infection and could be
detected in early cancer stage HNSCC tissues

We looked for association between either individual
mgmiR or in combination and clinical pathological
characteristics. For the mgmiR combination, we first
estimated the probability of a tissue being estimated
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as positive using logistic regression with the seven
mgmiRs then assessed the association between a char-
acteristic and the estimated status (case or control) of
the tissue. In general, the associations between the
mgmiRs and location of HNSCC, smoking status,
tumor size, node status, and stage were stronger for
the combination of the seven mgmiRs compared to
their individual assessments (Table 3). Notably,
mgmiR124-2 and mgmiR129-2 were found to detect

significantly more HPV-positive than HPV-negative
HNSCC cases (88.0 vs. 65.9%, p =0.04; 84.0 vs. 56.1%,
p =0.02, respectively). There were no significant asso-
ciations between tumor size, stage, and percentage of
positive cases detected by either individual mgmiR or
the seven mgmiRs as a panel. However, most import-
antly, 93.5% of T1 and 91.2% of stage I HNSCC can
be detected by the seven mgmiRs as a panel (Table 3).
Similarly, there were no significant associations
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Table 2 Univariate and multivariable logistic regression with
dichotomized variables in tissues

mgmiRs Sensitivity ~ Specificity  Accuracy PPV NPV AUC
mgmiR9-1 65.6 85.9 722 90.5 549 076
mgmiR124-1 720 93.5 79.0 958 619 083
mgmiR124-2 773 96.7 83.6 980 674 087
mgmiR124-3  49.7 924 63.7 931 472 071

mgmiR129-2 735 94.6 80.4 %5 635 084
mgmiR137 614 100 74.0 100 558 081

mgmiR148a 439 91.3 594 912 442 061

Combined' 926 924 92.5 9%.2 859 097
Combined®  92.1 94.6 929 972 853 097

'"The combined model includes all the seven mgmiRs

2The combined model includes all the seven mgmiRs and age
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between node status (NO vs. N+) with the exception
of mgmiR124-1, which detected more NO cases than
N+ cases (79.5 vs. 65.7%, p = 0.04, Table 3).

The seven mgmiR biomarkers were validated in HNSCC
patient saliva

We then examined the seven mgmiR biomarkers in sal-
iva from 86 HNSCC patients and 108 normal controls.
The relative methylation levels of the seven mgmiRs in
HNSCC and control saliva are shown in Fig. 2 and Add-
itional file 2: Table S4. The total methylation level in the
HNSCC group was significantly higher than the control
group across the seven mgmiRs. All data were analyzed
using both dichotomized and continuous variables. ROC
curves for HNSCC detection were generated using either
dichotomized variables or continuous variables for each
mgmiR (Additional file 1: Figure S4B). The sensitivity
and specificity using dichotomized variables for HNSCC
diagnosis from single mgmiR in saliva ranged from 19.8
to 72.1% and 74.1 to 97.2%, respectively, and from the
seven combined mgmiRs in saliva 76.7 and 86.1%,

Table 3 Association between mgmiRs and clinicopathological characteristics in HNSCC tissues

mgmiR9-1 mgmiR124-1 mgmiR124-2  mgmiR124-3  mgmiR129-2  mgmiR137  mgmiR148a  Combined mgmiRs
%(n) %(n) %(n) %(n) %(n) %(n) %(n) %(n)

Location

OSCC (95) 66.3(63) 72.6(69) 71.6(68) 52.6(50) 73.7(70) 64.2(61) 43.2(41) 92.6(88)

OPSCC (44) 75(33) 72.7(32) 86.4(38) 50(22) 79.6(35) 61.4(27) 40.9(18) 97.7(43)

LSCC (48) 56.3(27) 68.8(33) 81.3(39) 43.8(21) 68.8(33) 58.3(28) 50.0(24) 89.6(43)
Smoking

Never (37) 70.3(26) 67.6(25) 73.027) 56.8(21) 64.9(24) 59.5(22) 51.4(19) 89.2(33)

Current (50) 74.0(37) 76.0(38) 86.0(43) 44.0(22) 74.0(37) 64.0(32) 36.0(18) 96.0(48)

Ex (78) 64.1(50) 75.6(59) 73.1(57) 53.9(42) 78.2(61) 68.0(53) 46.2(36) 96.2(75)
HPV

Positive (25) 68.0(17) 68.0(17) 88(22) 72(18) 84.0(21) 52.0(13) 48.0(12) 96(24)

Negative (41)  51.2(21) 63.4(26) 65.9027)* 53.7(22) 56.1(23)* 61.0(25) 39.0(16) 80.5(33)*
Tumor size

T1 (46) 76.0(35) 69.6(32) 65.2(30) 56.5(26) 56.5(26) 63.0(29) 34.8(16) 93.5(43)

T2 (49) 65.3(32) 77.6(38) 87.8(43) 51.0(25) 83.7(41) 65.3(32) 53.1(26) 95.9(47)

T3 (41) 58.5(24) 58.5(24) 75.6(31) 39.0(16) 70.7(29) 48.8(20) 36.6(15) 87.8(36)

T4 (50) 62.031) 78.0(39) 80.0(40) 52.0(26) 82.0(41) 68.0(34) 50.0(25) 94.0(47)
Node status

NO (78) 69.2(54) 79.5(62)* 76.9(60) 56.4(44) 69.2(54) 60.3(47) 423(33) 94.9(74)

N+ (108) 63.0(68) 65.7(71) 77.8(84) 454(49) 76.9(83) 63.0(68) 45.4(49) 91.7(99)
Stage

1 (34) 73.5(25) 73.5(25) 64.7(22) 55.9(19) 55.9(19) 58.8(20) 324(11) 91.231)

11 (20) 55.0(11) 80.0(16) 85.0(17) 55.0(11) 80.0(16) 75.0(15) 55.0(11) 95.0(19)

111 (59) 67.8(40) 66.1(39) 74.6(44) 44.7(24) 72.9(43) 59.3(35) 37.3(22) 91.5(54)

IV (73) 63.0(46) 72.6(53) 83.6(61) 53.4(39) 80.3(59) 61.6(45) 52.1(38) 94.5(69)

*p < 0.05
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Fig. 2 Relative methylation levels for the seven mgmiRs (9-1, 124-1, 124-2, 124-3, 129-2, 137, 148a) in saliva from 86 HNSCC patients and
108 controls. The quantity of methylated mgmiRs was expressed as fold changes from the methylated mgmiR to that from the reference
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respectively. The combined seven mgmiRs yielded 83.0%
accuracy, 83.5% PPV, and 82.6% NPV with AUC 0.93
(Table 4). Inclusion of age together with the seven mgmiRs
slightly increased specificity (Table 4). Internal bootstrap
validation had AUC of 0.93 with a 95% CI of 0.89-0.96.
The results using continuous variables were better to those
using dichotomized variables with 83.7% sensitivity, 95.4%

specificity, and AUC of 0.95 (Additional file 2: Table S5).

MgmiR was detected in the saliva of early HNSCC

Similar to the tissue sample results, the associations be-
tween the mgmiRs and location of HNSCC, smoking
status, tumor size, node status, and stage were generally
stronger for the combination of the seven mgmiRs com-
pared to their individual assessments (Table 5). The
combination of seven mgmiRs can detect 71.4, 82.1, and
76.9% of OSCC, OPSCC, and LSCC, respectively.
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Table 4 Univariate and multivariable logistic regression with
dichotomized variables in saliva

mgmiRs Sensitivity ~ Specificity  Accuracy PPV NPV AUC
mgmiR9-1 488 935 737 857 697 071

mgmiR124-1  66. 3 741 706 671 734 070
mgmiR124-2 454 88.9 69.6 765 671 067
mgmiR124-3 535 96.3 773 920 722 075
mgmiR129-2 721 741 732 689 769 073
mgmiR137 337 944 67.5 829 642 064
mgmiR148a 19.8 97.2 62.9 85 603 058
Combined' 76.7 86.1 82.0 815 823 092
Combined®  76.7 880 830 835 826 093

'"The combined model includes all the seven mgmiRs
2The combined model includes all the seven mgmiRs and age

However, there was no significant association between
tumor location and positive cases detected by mgmiR ei-
ther individually or in combination (Table 5). Import-
antly, 85.0% of Tl HNSCC and 80.0% of stage I
HNSCCs could be detected by the panel of mgmiRs, al-
though there were no significant associations between
tumor size, node status, stage, and mgmiR-positive cases
detected by either individual mgmiR or the combination
(Table 5).
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Complementary prediction accuracy and performance
assessment further validated the panel of mgmiR
biomarkers in HNSCC

The mgmiR biomarkers were further evaluated for tissue
and saliva samples using random forest models. Similar
to the combined logistic regression model results re-
ported above, the random forest models included all
seven mgmiR biomarkers. In addition, demographic in-
formation’s influence (age, gender, and smoking status)
on prediction performance was also assessed. Excluding
demographic information, the randomly selected tissue
training dataset had 186 subjects, 62 (33%) controls and
124 (67%) cancers, and the independent testing dataset
had 92 subjects, 30 (33%) controls and 62 (67%) cancers.
With the inclusion of demographic information, the tis-
sue training dataset had 170 subjects, 60 (35%) controls
and 110 (65%) cancers, and the testing dataset had 84
subjects, 30 (36%) controls and 54 (64%) cancers, due to
missing in demographic variables. Alternatively, no
demographic information was missing for the saliva
samples and therefore the training and testing datasets
were the same between models with and without demo-
graphic information. The saliva training dataset had 130
subjects, 72 (55%) controls and 58 (45%) cancers, and
the testing dataset had 64 subjects, 36 (56%) controls

Table 5 Association between mgmiRs and clinicopathologcal characteristics in HNSCC saliva

mgmiR9-1  mgmiR124-1  mgmiR124-2  mgmiR124-3  mgmiR129-2  mgmiR137  mgmiR148a  Combined mgmiRs
9%(n) %(n) 9%(n) %(n) %(n) %(n) %(n) %(n)

Location

0SCC (42) 40.5(17) 69.1(29) 45.2(19) 40.5(17) 73.8(31) 31.0(13) 26.2(11) 714(30)

OPSCC (28) 57.1(16) 57.1(16) 46.4(13) 64.3(18) 67.9(19) 32.109) 17.9(5) 82.1(23)

LSCC(13) 53.9(7) 84.6(11) 46.2(6) 61.5(8) 69.209) 46.2(6) 7.70(1) 76.9(10)
Smoking

Never (17) 64.7(11) 70.6(12) 52.909) 58.8(10) 64.7(11) 35.3(6) 11.8(2) 82.4(14)

Current (21)  524(11) 66.7(14) 286(6) 57.1(12) 81.0(17) 19.1(4) 23.8(5) 76.2(16)

Ex (48) 41.7(20) 64.6(31) 50.0(24) 50.0(24) 70.8(34) 39.6(19) 20.8(10) 75.0(36)
Tumor size

T1 (20) 55.0(11) 65.0(13) 30.0(6) 55.0(11) 75.0(15) 35.0(7) 30.0(6) 85.0(17)

T2 (26) 38.5(10) 61.5(16) 57.7(15) 423(11) 73.1(19) 34.609) 19.2(5) 73.1(19)

T3 (11) 45.5(5) 72.7(8) 45.5(5) 63.6(7) 72.7(8) 45.5(5) 18.2(2) 63.6(7)

T4 (21) 42909 76.2(16) 47.6(10) 47.6(10) 61.9(13) 28.6(6) 14.3(3) 71.4(15)
Node status

NO (28) 57.1(16) 67.9(19) 39.3(11) 50.0(14) 75.0(21) 32.109) 14.3(4) 75.0(21)

N+ (48) 354(17) 68.8(33) 52.1(25) 47.9(23) 66.7(32) 37.5(18) 25.0(12) 72.9(35)
Stage

1(10) 60.0(6) 80.0 (8) 30.003) 40.0(4) 80.0(8) 40.0(4) 20.0(2) 80.0(8)

I1(13) 46.2(6) 539(7) 53.9(7) 539(7) 76.9(10) 23.103) 23.103) 69.2(9)

I(7) 47.1(8) 52909 41.2(7) 52.9(9) 64.7(11) 41.2(7) 11.8(2) 76.5(13)

IV (36) 36.1(13) 77.8(28) 52.8(19) 472(17) 66.7(24) 36.1(13) 25009 72.2(26)
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and 28 (44%) cancers. Model performance (ie, AUC,
sensitivity, and specificity) using the random forest ap-
proach was similar to the combined seven-mgmiR logis-
tic regression results for both the tissue and saliva
samples when demographic information was not in-
cluded (Table 6). The mean decrease in Gini index was
used to evaluate variable importance. The demographic
variables were found to be the least important variables
in both the tissue and saliva samples (Additional file 1:
Figures S5-S6). However, including demographic infor-
mation in the random forest models resulted in slightly
but not significantly higher AUCs, sensitivities, and
specificities (Table 6).

Discussion

Early detection of cancers in high-risk populations has in-
creased patient survival rates, which is exemplified in col-
onoscopy for colon cancer, pap smear for cervical cancer,
and mammogram for breast cancer [32]. Recently, the
FDA approved the use of a stool-DNA test for colon can-
cer as a screening tool. This stool-DNA test, which can be
used ahead of colonoscopy, significantly improved sensi-
tivity and specificity of colon cancer detection, patient
compliance, and reduced costs [23]. Nearly all current
diagnostic methods for HNSCC in clinic rely on physical
examination, medical imaging, and endoscopy techniques.
Molecular tests for HNSCC have been widely explored [7,
19]. However, their application in clinic has been limited
by their poor performance (i.e., low sensitivity and specifi-
city). In this study, we reported a high sensitivity and spe-
cificity molecular test can be achieved by examining DNA
methylation on the genomic loci of microRNA (mgmiR).
This is the first study to evaluate the effectiveness of
mgmiR, a novel class of molecule, as a biomarker panel
for HNSCC diagnosis using tissue and saliva samples from
a large HNSCC population.

Our “mgmiR” technique combines several advantages
of different molecular test technologies: (1) It is a gen-
omic DNA-based technique. Analysis of RNA or protein
in saliva samples relies on the stability of the mRNA or
protein, which is always a challenge as saliva harbors
high levels of RNAse and proteases [33, 34]. In contrast,
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genomic DNA has a higher stability and is less suscep-
tible to be affected by storage and shipping than RNA-
or protein-based technologies. (2) It is a methylation-
based technique. In contrast with examining expression
level of mRNA, miRNA itself [35], or protein, which can
be either positive (increased) or negative (decreased),
DNA methylation converts a negative signal (reduced or
loss of expression) into a positive signal, which can be
used for the detection of cancer-specific signal in a high
background of normal non-cancer cells. In contrast with
detecting mutations, which usually occur at multiple
sites in individual tumors. DNA methylation usually oc-
curs on the same region of a gene, such as the promoter,
which greatly simplifies design and interpretation of
screening tests. In addition, DNA methylation occurs at
the early stage of cancer development, providing the op-
portunity for early detection of cancer [19]. It also has
tissue specificity, providing a foundation for detection of
tumor of unknown primary, which is exemplified in a
EPICUP clinical trial study [36-38]. (3) Instead of de-
tecting methylation of coding genes, mgmiR detects gen-
omic loci encoding for microRNA. Given the lower
numbers of miRNAs, compared to coding mRNAs,
mgmiR-based technique will compensate or at least pro-
vide novel biomarkers for current DNA methylation-
based HNSCC detection. (4) It is a qPCR-based tech-
nique which has been more widely accepted in clinical
laboratories. It is highly sensitive, simple, easier to han-
dle, and has a lower cost than mutation search using
next-generation sequencing (NGS).

While the development of “liquid biopsy” is almost fo-
cused on the analysis of cell-free DNA and/or circulating
tumor cells in the blood, saliva, together with sputum,
urine, etc., constitutes major resources for molecular
testing using “body fluids.” Blood-based liquid biopsy
has been largely applied to patients with late-stage can-
cers or serves as companion biomarkers for treatment.
The sensitivity and specificity may limit their applicabil-
ity for detection of early-stage cancers. For example, sal-
iva has been shown to be a more sensitive predictor
than blood for detection of HNSCC [17]. Using the re-
cently developed most sensitive NGS, only about 50% of

Table 6 Random forest model results for tissue and saliva samples using either mgmiRs and demographic variables or the mgmiRs

alone
Model AUC % (95% Cl) Sensitivity % [median (2.5-97.5%)] Specificity % [median (2.5-97.5%)] PPV NPV
Tissue
mgmiRs and demographics 98.9 (97.1-100) 96.3 (90.7-100) 96.7 (90.0-100) 98.2 938
mgmiRs 99.4 (98.6-100) 93.7 (87.3-984) 100 (100-100) 100 882
Saliva
mgmiRs and demographics 93.8 (87.3-100) 85.7 (71.4-96.4) 94.4 (86.1-100) 933 90.0
mgmiRs 93.5 (87.2-99.7) 786 (60.7-92.9) 100 (100-100) 100 85.7

Univariate and multivariable logistic regression with dichotomized variables
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colon cancer patients can be detected at stage I, in com-
parison with ~90% of patients that can be detected at
stages II-IV [39]. Although we do not have data from
blood to directly compare with the data from saliva, the
sensitivity from saliva for stage I HNSCC patients in our
study is 80%, which is higher than the results from the
blood reported in the literature [39]. Thus, it is likely
that the saliva-based method is more sensitive and can
detect cancer earlier than blood-based method. In
addition, for screening purposes, the nature of non-
invasive, self-sampling, convenient, and low-cost of sal-
iva test make it a better screening tool particularly for
rural or community primary care settings [40].

While this report focuses on identification and valid-
ation of a panel of mgmiRs as biomarkers for HNSCC
by rigorous statistical analysis in a large sample size, the
functions and mechanism of individual mgmiRs and cor-
responding miRNA in HNSCC pathogenesis are not in-
cluded in this report. One interesting question is how
the miRNAs are regulated by their mgmiRs. We have re-
ported that miR9 expression is restored upon DNA de-
methylation agent 5-aza-cytidine treatment [29], and
similar results have been obtained for miR124, miR137,
miR129-2, and miR148a (manuscripts in preparation),
indicating DNA methylation on mgmiRs is a common
mechanism for silencing miRNA expression. Another in-
teresting mechanism is how each individual miRNA
functions in HNSCC pathogenesis. While detailed func-
tional analysis including identification of their down-
stream target genes is beyond the scope of this report,
we published the tumor suppression role of miR9 on cell
proliferation [29] and are preparing separate manu-
scripts on characterizing functional role of individual
miRNA and their target genes in HNSCC pathogenesis.

Our controls are comprised of a significant numbers of
tonsillitis patients; however, we have shown inflammation
does not affect the ability of mgmiRs in distinguishing can-
cer and controls, suggesting this panel of mgmiRs is
cancer-specific. An interesting focus of study is why
mgmiRs are methylated in cancer but not in normal tissue.
We do not quite understand the underlying mechanism
yet, but reports on aberrant regulation of DNA methytrans-
ferases (DNMTs) by either smoking or HPV could be po-
tential mechanisms [41, 42]. We have not tested these
mgmiRs in other cancers. However, there are reports of
mgmil24-2 detection in cervical cancers [43]. Interestingly,
both cervical and HNSCC are squamous cell carcinomas,
and HPV is the common etiological factor in both cervical
and HPV+ HNSCC patients. Whether this marker repre-
sents a common marker for HPV-related squamous cell
carcinoma is a potential area of future investigation.

The association between mgmiR biomarker(s) and
clinical pathological data yield several interesting find-
ings: (1) Statistical analysis showed no significant

Page 11 of 13

difference of positive cases detected by mgmiRs in
tumor size, node involvement, and tumor stage. More
importantly, T1 size tumors were detected in 93.5% of
tissues and 85.0% of saliva samples, NO tumors were de-
tected in 94.9% of tissues and 75% of saliva samples, and
stage I HNSCC patients were detected in 91.2% of tis-
sues and 80.0% of saliva samples. These data clearly
demonstrate the clinical usefulness of using the mgmiR
panel for early detection of HNSCC. (2) Although the
positive percentages of LSCC detected by either mgmiR
or the seven mgmiRs as a panel were lower than OSCC
and OPSCC tumor tissues, it is not statistically signifi-
cant. However, mgmiR148a seems to be limited in its
ability to detect LSCC, and it may be possible to use the
remaining six mgmiRs for LSCC detection in saliva. One
question here is the age difference between the control
group and HNSCC group would affect methylation of
mgmiRs in general population, since aging has been
shown to affect both methylation and cancer develop-
ment [44, 45]. We thus include age as a confounder with
the seven mgmiRs and compare prediction performance
with and without age (Tables 2 and 4). We have also per-
formed a random forest model of the seven mgmiRs to-
gether with age, gender, and smoking status (Table 6).
Age itself is shown to slightly contribute to the predic-
tion and is ranked lowest in comparison with the other
seven mgmiRs. Anyway, it would be ideal in the future
to include more aged-matched controls whenever it is
possible in clinical study.

While the incidence of HPV-negative HNSCC grad-
ually drops down due to cessation of smoking, the inci-
dence of HPV-positive HNSCC has increased more
than twofold in the past 20 years [46]. In our data,
smoking status does not affect the results of the assay.
However, the mgmiR124-2 and mgmiR129-2 detected
more HPV-positive HNSCC cases than HPV-negative
HNSCC cases. Unfortunately, we do not have HPV data
on non-HNSCC control patients at this moment, which
would help us to better distinguish if this association is
HPV-associated or HPV-cancer-associated, and this
warrants a future study. One of the problems of current
HPV virus detection for either HNSCC or cervical can-
cer is that the high number of patients who are HPV
positive without having a disease. Detection of HPV
virus alone cannot discriminate truly oncogenic infec-
tion from transient “bystander” infection. Immuno-
staining of the surrogate marker p16 on tissue sections
frequently generates false-positive results [47]. Thus,
similar to the triage strategy used in cervical cancer
[48], the detection of mgmiRs in saliva samples will be
useful to further separate high-risk oncogenic infectious
HPV-positive patients from low-risk “passenger” HPV
infection and have great promise as triage tool for
HPV-positive HNSCC diagnostics.
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Conclusions

We have successfully developed a diagnostic panel using
mgmiRs markers that demonstrated superior sensitivity
and specificity in the detection of HNSCC in both tis-
sues and saliva. The high sensitivity in detection of T1,
NO, and stage I HNSCC of this panel of markers sug-
gests their values in the early detection of HNSCC. Fur-
ther assessment using pre-malignant lesions and
prospectively monitoring high-risk patients will measure
their usefulness in clinic. The quantitative nature makes
the panel of mgmiRs an ideal candidate to use in surveil-
lance of HNSCC patients, including treatment efficacy,
prognosis, and prediction of recurrence and metastasis.
Evaluation of these clinical applications using this panel
of mgmiR markers are undergoing.
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Additional file 1: Figure S1. Flow chart of mgmiRs search for HNSCC.
Figure S2. Screening of mgmiR in HNSCC using HNSCC and control cell
lines. Relative methylation level of the mgmiRs examined by gMS-PCR in
12 HNSCC cell lines (HNSCC) and 4 head and neck control cell lines
(Normal). Red frames highlight mgmiRs with significance difference
between HNSCCs and normal (p < 0.05). Figure S3. Selection of mgmiR
in HNSCC using HNSCC and control tissues. Relative methylation level of
the mgmiRs examined by gMS-PCR in 30 HNSCC tissues (HNSCC) and 25
control tissues (Normal). Red frames highlight mgmiRs with significance
difference between HNSCCs and normal (p < 0.05). Figure S4. ROC
curves using continuous variables for HNSCC detection. (A). ROC curves
comparing the seven mgmiRs with the largest areas under the curve for
tissues. (B). ROC curves comparing the seven mgmiRs with the largest
areas under the curve for saliva. Figure S5. Variable importance plot
from the Random Forest analysis for tissue data including (A) or
excluding (B) demographic information. Figure S6. Variable importance
plot from the Random Forest analysis for saliva data including (A) or
excluding (B) demographic information. (ZIP 509 kb)

Additional file 2: Table S1. Relative methylation levels of mgmiRs in
human HNSCC cell lines and normal head and neck cell lines. Table S2.
Relative methylation level in tissues from 189 HNSCC patients and 92
normal controls. Table S3. Univariate and multivariable logistic regression
with continuous variables in tissues. Table S4. Relative methylation level
in saliva from 86 HNSCC patients and 108 normal controls. Table S5.
Univariate and multivariable logistic regression with continuous variables
in saliva. (DOCX 42 kb)
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