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Abstract

Objective: To compare full transcriptome expression levels of matched tumor and normal samples from patients with
oropharyngeal carcinoma stratified by known tumor etiologic factors.
Patients and Methods: Full transcriptome sequencing was analyzed for 10 matched tumor and normal tissue samples
from patients with previously untreated oropharyngeal carcinoma. Transcriptomes were analyzed using massively
parallel messenger RNA sequencing and validated using the NanoString nCounter system. Global gene expression
levels were compared in samples grouped by smoking status and human papillomavirus status. This study was
completed between June 10, 2010, and June 30, 2011.
Results: Global gene expression analysis indicated tumor tissue from former smokers grouped more closely to the
never smokers than the current smokers. Pathway analysis revealed alterations in the expression of genes involved in
the p53 DNA damage-repair pathway, including CHEK2 and ATR, which display patterns of increased expression that
is associated with human papillomavirus–negative current smokers rather than former or never smokers.
Conclusion: These findings support the application of messenger RNA sequencing technology as an important clinical
tool for more accurately stratifying patients based on individual tumor biology with the goal of improving our
understanding of tumor prognosis and treatment response, ultimately leading to individualized patient care strategies.
© 2012 Mayo Foundation for Medical Education and Research � Mayo Clin Proc. 2012;87(3):226-232
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O ur understanding of the molecular genet-
ics involved with the initiation and pro-
gression of human cancers is improving

our ability to create targeted therapies. Just as the
characterization of important genetic alterations has
transformed treatment strategies for patients with
pulmonary and colorectal adenocarcinoma, malig-
nant tumors arising in the head and neck will soon
be qualified by more than simply clinical and histo-
pathologic parameters.1-3

Head and neck cancers are the sixth most com-
monly observed cancers worldwide; squamous cell
carcinoma (SCC) represents 95% of these cases.4 Head
and neck SCCs pose a significant health risk, including
a 5-year overall survival rate of only 50% in cases of
advanced-stage disease.5 These cancers are clinically
grouped by their anatomic site within the head and
neck. Although development of SCC in the head and
neck is most significantly associated with a history of
tobacco and alcohol use, the incidence of oropharyn-
geal SCC (OPSCC) appears to be increasing in younger
patients who lack these traditional risk factors. Increas-
ing evidence supports the association of human papil-
lomavirus (HPV), primarily types 16 and 18, in this
cohort.6-9 As treatment approaches are developed to tar-
get cancers that arise from differing causes, it will be in-

creasingly difficult to stratify patients with overlapping

� March 2012;87(3):226-232 � doi:10.1016/j.mayocp.2011.10.008 �
risk factors. This increasing difficulty further highlights
the importance of developing tools that allow identifica-
tion of the risk factors most significantly contributing to
the development of disease in an individual patient.

To address these challenges, there are new and
rapidly developing technologies in the area of high-
throughput sequencing that offer a novel approach
toward the clinical stratification of patients and,
more importantly, successful treatment strategies.
Next-generation sequencing technologies can be
used to analyze the entire genome, transcriptome,
and even the epigenome of matched tumor and nor-
mal tissues to yield information on transcript pro-
files, mutations and genomic alterations, and post-
transcriptional modifications. Although all 3
approaches provide important insight into the bio-
logical mechanisms of cancer development, tran-
scriptome sequencing will be immediately applica-
ble to clinical patient stratification because it offers
the ability to directly measure expression levels of all
important clinical targets simultaneously to develop
a molecular profile of specific expression levels
rather than performing separate assays for each in-
dividual gene target. Because of significant advances
in sequence output, the cost of full transcriptome
analysis is approaching that of single pathologic
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TRANSCRIPTIONAL SEQUENCING OF OROPHARYNGEAL CANCER
modality to replace the current laboratory standards
on which clinically relevant measurements are based.
The information obtained by sequencing will also pro-
vide the ultimate resource for retrospective patient
studies to elucidate novel targets or therapeutics based
on response to treatment and disease survival.

In this report, we describe our initial efforts in
characterizing the transcriptome of OPSCC, demon-
strating both the clinical and research utility of this
technology as applied to this cancer. We obtained full
transcriptome data for 10 OPSCC tumors and patient-
matched normal oropharyngeal tissue. These patients
represented the full clinical spectrum observed with
this cancer, including those with current, former, or
no history of tobacco use, patients with positive or
negative HPV status, and those with a range of tu-
mor stage and grade at the time of surgery. To our
knowledge, this is the first reported use of massively
parallel messenger RNA sequencing (mRNA-seq)
technology to examine transcriptomic changes in
oropharyngeal SCC with simultaneous comparison
to matched normal tissue. In this work we com-
pared global patterns of dysregulated gene expres-
sion when grouping patients based on smoking his-
tory and discovered that former smokers (with
smoking cessation �10 years) display gene regula-
tion patterns that are more similar to those who
never smoked (never smokers) than current smok-
ers. In addition, we identified dysregulated gene
pathways that parallel these trends in smoking his-
tory, particularly DNA damage–responsive targets
within the p53 signaling pathway. Our analysis of
specific gene targets in the p53 pathway identified
that ATR and CHEK2 were correlated with both cur-
rent smoking and negative HPV activity.

PATIENTS AND METHODS

Collection and Processing of Tissues
After institutional review board approval, oropha-
ryngeal tumor samples were obtained from patients
undergoing surgical treatment of OPSCC at Mayo
Clinic, Rochester, MN. After achieving negative sur-
gical margins, adjacent normal mucosal tissue was
collected from the oropharynx. All tissue was snap-
frozen in liquid nitrogen for storage. Samples were
evaluated by frozen sectioning, with a fresh blade
between samples, and preparation of hematoxylin-
eosin slides. The slides for each sample were evalu-
ated by a pathologist to confirm the presence or
absence of tumor. In the former case, the represen-
tation of overall tumor composition was also as-
sessed, with more than 80% of cells being neoplastic
considered optimal. The HPV status of each patient
was determined by polymerase chain reaction quan-

tification of HPV-16 E6 and E7 viral oncogenes s
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(Supplemental Table 1, available online at http://
www.mayoclinicproceedings.org).

RNA Extraction
Preparations of total RNA were extracted from frozen
tissue samples using the PureLink RNA Mini Kit (Life
Technologies, Carlsbad, CA) according to the manufac-
turer’s protocol. Extracted RNA was quantified by Nano-
Drop ND1000 (Thermo Fisher Scientific, Waltham,
MA), and the Agilent 2100 Bioanalyzer (Agilent Technol-
ogies, Santa Clara, CA) was used to assess RNA quality.

RNA Sequencing
Messenger RNA-seq complementary DNA (cDNA) li-
braries were prepared from 1 �g of total RNA using the
tandard Illumina mRNA-seq protocol (Supplemental
able 1, available at http://www.mayoclinicproceedings.
rg). These fragments were amplified by polymerase
hain reaction and sequenced using the Illumina Clus-
er Station and Genome Analyzer (Illumina, Inc, San
iego, CA). Paired-end sequence analysis (51 cycles
er end) was conducted with primers specific to the
nds of the bridge-amplified cDNA fragments to ob-
ain 51 nucleotides of sequence from each end of all
DNA fragments.

RNA-seq Data Analysis
whole transcriptome analysis approach was applied

or the purpose of assessing gene expression, exon/
ntron usage, and splicing across the entire transcrip-
ome. Raw reads from normal (control) and tumor cell
ines were aligned to the human genome reference,
uild 36, using the Geospiza GeneSifter Analysis Edi-
ion pipeline (Supplemental Table 1, available at http://
ww.mayoclinicproceedings.org). From the aligned
ata, expression values for annotated genes were cal-
ulated by adding the number of reads mapping to all
xons and splicing events for a given gene and dividing
hat value by the total number of mapped million reads
n a sample. Similarly, exon expression values, used to
etect differential splicing, were calculated by count-

ng the number of reads mapped to an exon. Exon
ount values were then normalized by the total num-
er of reads mapped to the gene.

alidation of mRNA-seq With nCounter
ene targets of interest identified using mRNA-seq
nalysis were validated using a custom code set and
he nCounter counting system by NanoString Tech-
ologies (Seattle, WA) according to manufacturer’s
rotocol (Supplemental Table 1, available at http://
ww.mayoclinicproceedings.org). Wilcoxon rank

um test was applied to the nCounter data to iden-
ify differentially expressed genes between samples
rouped by smoking history (never smokers, former

mokers, and current smokers).
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RESULTS

Measurement of Gene Expression in OPSCC and
Patient-Matched Normal Tissue by RNA
Transcriptional Sequencing
We constructed mRNA-Seq libraries from poly A�
selected transcripts, and each library was sequenced
on a single lane of the Illumina GAIIx machine. Us-
ing paired-end, 51-bp sequencing, we were able to

tics for Transcriptome Reads

No. of reads (in millions) (%)

Aligned to
filter

Aligned to
genome

Aligned to
RefSeq exon

Tumor Normal Tumor Normal Tumor Normal

8 (16) 9 (14) 42 (80) 45 (68) 29 (55) 32 (48)

15 (21) 16 (22) 52 (73) 63 (72) 33 (47) 32 (45)

15 (21) 16 (22) 52 (73) 52 (72) 33 (47) 32 (45)

15 (21) 16 (22) 52 (73) 52 (72) 33 (47) 32 (45)

15 (21) 16 (22) 52 (73) 52 (72) 33 (47) 32 (45)

15 (21) 16 (22) 52 (73) 52 (72) 33 (47) 32 (45)

15 (21) 16 (22) 52 (73) 52 (72) 33 (47) 32 (45)

15 (21) 16 (22) 52 (73) 52 (72) 33 (47) 32 (45)

15 (21) 16 (22) 52 (73) 52 (72) 33 (47) 32 (45)

3 (5) 5 (8) 53 (82) 48 (79) 35 (59) 32 (53)

millions (percentage of the total reads processed) for each
mal tissue sample. RefSeq � National Center for Biotechnology
equence Database.

TABLE 2. Patient Demographics Grouped by Smoking

Patient No. Age (y) Sex Subsite

Current smokers

1 56 M Tonsil

2 73 M Tonsil

3 54 M Base of tongue

Former smokers

4 48 M Tonsil

5 64 F Tonsil

6 66 M Base of tongue

Never smokers

7 46 M Tonsil

8 49 F Tonsil

9 73 M Tonsil

Messenger RNA sequencing transcriptome data were analyzed fo
were divided into analysis groups based on smoking status, inclu
cessation, and never smokers. The human papillomavirus (HPV)
(PCR) detection of HPV DNA and PCR quantification of E6 and

used in grouping the patients for data analysis.

Mayo Clin Proc. �
obtain a mean of 63 million reads per transcriptome.
We then compared mRNA-seq analysis for 10 pa-
tient-matched samples representing primary SCC
and normal tissue (Table 1). One of the sequenced
samples was excluded because of incomplete smok-
ing history. The remaining 9 tumor and normal
paired samples were grouped by smoking status
based on patient-reported smoking history and in-
clude 3 never smokers (no reported smoking his-
tory), 3 past smokers (smoking cessation history
�10 years), and 3 current smokers with a reported
use of at least 2 packs per week (Table 2). Additional
clinical information was collected, including age,
sex, HPV status, location of the primary tumor, and
tumor stage and grade but was not used in grouping
the patients for data analysis.

Global Patterns of Gene Expression From
Transcriptome Analysis of Patients Grouped by
Smoking Status
We were interested in characterizing the global
expression patterns of genes differentially ex-
pressed in patient-matched tumor and normal tis-
sues when patients were grouped according to
their smoking history. Using hierarchical cluster-
ing and principal component analysis, we ob-
served the expected observation that tumor tis-
sues from never smokers are dissimilar to current
smokers. More interestingly, we also discovered
that when comparing overall expression patterns
of all dysregulated genes, tumor tissue from for-
mer smokers grouped more closely to the never

tus

16 test result T stage N stage M stage Grade

Positive 1 0 0 4

Negative 4a 2c 0 3

Negative 4 2b 0 3

Positive 4a 2c 0 3

Positive 1 2a 0 4

Positive 2 2b 0 3

Positive 3 2b 1 3

Positive 2 0 0 4

Negative 2 2b 0 3

atient-matched tumor and normal tissue samples. These patients
current smokers, former smokers with greater than 10 years of
s of each patient was determined by polymerase chain reaction
iral oncogenes. Additional clinical information collected was not
TABLE 1. Alignment Statis

Patient
No.

Total

Tumor Normal

1 53 67

2 71 72

3 58 62

4 67 59

5 61 62

6 75 71

7 61 57

8 61 53

9 64 65

10 65 61

Read counts are expressed in
patient-matched tumor and nor
Sta

HPV-

r 9 p
ding
statu
E7 v
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TRANSCRIPTIONAL SEQUENCING OF OROPHARYNGEAL CANCER
smokers than the current smokers (Figure 1).
Global expression of genes from normal tissues is
similar in all patients, regardless of smoking sta-
tus. Further study is under way to determine the
full spectrum of alterations associated with each
smoking group to determine whether the former
smokers represent a lesser degree of genomic
change and altered translocation patterns than
current smokers or whether significant periods of
smoking cessation result in transcriptional pat-
terns reverting to those seen with the never smok-
ers. Regardless of the mechanism, this transcrip-
tome analysis indicates that patients with a
smoking history should be investigated as an in-
dividual group when stratifying patients by risk
factor exposure.

Identification of Differentially Regulated Targets
Related to Smoking Status
To identify the most significantly differential tar-
gets when grouping patients by smoking status,
we used the GeneSifter program to conduct 2-way
analysis of variance. This analysis identified tar-
gets that were differential among tumor and nor-
mal tissue types and smoking risk factor group-
ings. We identified a list of transcript targets
representing the most differentially up-regulated

Tu
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Normal current
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FIGURE 1. Global gene expression patterns in s
clustering shows that tumors from current smoke
compared with tumors from individuals who have
principal component analysis shows differential ge
and that the tumor from current smokers is diffe
Mayo Clin Proc. � March 2012;87(3):226-232 � doi:10.1016/j.mayoc
www.mayoclinicproceedings.org
and down-regulated targets within the 9 samples
analyzed (data not shown). In addition, we used
the GeneSifter pathway analysis feature, which al-
lowed us to identify a number of differentially
expressed pathways when grouping samples by
smoking status. One pathway that stood out with
interesting trends of expression was the p53 sig-
naling pathway. We next chose to investigate sev-
eral members of the p53 signaling pathway, rep-
resenting DNA damage–responsive genes, based
on patterns of expression that differed among the
smoking risk factor groups (Supplemental Figure,
available at http://www.mayoclinicproceedings.
org). However, although analysis of the transcrip-
tome sequencing data identified these intriguing
patterns of regulation in important pathways, the
minimal sample size of 3 patient pairs per group
resulted in a lack of statistical power, requiring
the use of validation experiments on larger num-
bers of samples.

Validation of Differentially Expressed DNA
Damage–Responsive Genes in the p53 Signaling
Pathway Among Samples Grouped by Smoking
and HPV Status
To perform a larger-scale validation of targets of in-
terest and gain statistical power, we applied the
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NanoString nCounter technology to measure the
transcript expression of the custom set of targets
involved in DNA damage response and p53 signal-
ing in 38 oropharyngeal patient-matched tumor and
normal tissue pairs (Supplemental Table 2, available
at http://www.mayoclinicproceedings.org).

We identified a significant expression pattern
between smoking groups for 2 specific genes in the
p53 signaling pathway, ATR and CHEK2, both of
which have kinase activity and are involved in p53
regulation with a demonstrated response to DNA
damage. The expression of ATR is significantly dif-
ferent when using a Wilcoxon rank sum test to
compare either never smokers with current smok-
ers (P�.05) or former smokers with current
smokers (P�.04) but not between never and for-
mer smokers (Figure 2A). When ATR expression
is examined using a Wilcoxon rank sum test in
patients grouped both by current or never smoking
status and HPV status, HPV-negative patients with a
current smoking history are found to express signif-
icantly higher levels of ATR than HPV-positive
(P�.008) or HPV-negative (P�.002) patients who
never smoked (Figure 2B). A second gene, CHEK2, a
cell cycle checkpoint regulator and putative tumor
suppressor that is both responsive to DNA damage
and involved in stabilization of the tumor suppres-
sor p53, was evaluated by Wilcoxon rank sum test
in patients grouped by HPV and smoking status.
We found that CHEK2 has significantly higher ex-
pression in HPV-negative patients with a current

Former smoker Current smoker

nev

P=.04

4

3

2

1

0

Lo
g 2

 r
at

io

B

f ATR in patient samples grouped by smoking and hum
re quantified using nCounter technology for patients
ent smokers and either never or former smokers bu
m test. B, The groups were further divided by addin
d between HPV-negative current smokers and all ne
okers.
Mayo Clin Proc. �
moking history compared with HPV-positive
ever smokers (P�.02) and current smokers
P�.002) and with HPV-negative never smokers
P�.04) (Figure 3). These findings demonstrate
hat the patterns of increased expression of ATR and
HEK2 DNA damage–responsive genes clearly are
ssociated specifically with those patients who have
current smoking history and lack an active HPV

nfection.

ISCUSSION
n this report we used total transcriptome sequenc-
ng analysis to characterize a group of oropharyn-
eal tumors and patient-matched normal tissues.
ropharyngeal tumors display a wide range of be-
avior, including differences in patterns of invasion,
endency for metastasis, and widely varying treat-
ent responses. Clinicians’ inability to accurately
redict tumor behavior leads to widely varying
reatment strategies, often resulting in significant
orbidity and even mortality. Increasing evidence

uggests that patient prognosis and treatment
hould be stratified on the basis of exposure to to-
acco and HPV infection and activity.10-12 These
lassifications are complicated by the overlap of fac-
ors in many patients and the unreliable nature of
elf-reporting smoking history and the estimation of
ack-year exposure (eg, HPV-positive patients who
lso have a smoking history, HPV-negative patients
ho lack a smoking history, patients with a past

moking history but significant periods of cessation,

V-
ive
oker

HPV-
positive

current smoker

HPV-
negative

current smoker

HPV-
negative

never smoker

.008

P=.002

papillomavirus (HPV) status. A, RNA transcripts
uped by smoking status and identified significant
difference between never and former smokers

e additional factor of HPV status, and significant
mokers irrespective of their HPV status but not
4
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1

0
Never smoker HP

posit
er sm

P=.05 P=
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at

io

A

FIGURE 2. Expression o an
corresponding to ATR we gro
differences between curr t no
using a Wilcoxon rank su g th
differences were identifie ver s
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TRANSCRIPTIONAL SEQUENCING OF OROPHARYNGEAL CANCER
and patients with a history of secondhand tobacco
exposure). In the future, molecular profiling of tar-
get genes identified as markers of smoking exposure
will play an important role in sorting out this intri-
cate collection of risk factors in individual patients.
Naturally, this will assist clinicians in applying the
most effective treatments based on individual tumor
and patient characteristics.

Although the work presented focused exclu-
sively on transcriptome expression analysis, we rec-
ognize the need to integrate DNA sequence analysis
in future studies. From our data, it is clear, however,
that transcriptome analysis is an effective and per-
haps more powerful way to initiate a deep under-
standing of cancer biology from the perspective of
defining clinical biomarkers and pharmacologic tar-
gets. Ongoing work by others clearly demonstrates
how DNA sequencing can be used to identify muta-
tions associated with cancer development to help
explain mechanisms of carcinogenesis. However,
DNA analysis shows only what changes have oc-
curred to the DNA sequence, whereas transcriptome
analysis demonstrates the effect of those changes,
which is critically important in identifying which
mutations and rearrangements could be the best di-
agnostic and prognostic indicators.

In our transcriptome analysis, a global com-
parison of dysregulated genes from patients rep-
resenting all smoking risk factor groups, including
never smokers, former smokers with more than 10
years of cessation, and current smokers, revealed pat-
terns that suggest that tumor tissues of former smokers
are transcriptionally more similar to never smokers
than current smokers. These patterns may suggest that
a significant period of cessation allows the regula-
tion of many transcripts to return to patterns more
closely resembling patients who lack such a history.
The next important step will involve a more com-
prehensive analysis of genomic changes occurring in
these patients to determine whether former smokers
have fewer genomic alterations than patients with a
current smoking history. One must also consider
the potential effects these findings could have on
both prognostic and therapeutic classification.

Full characterization of the transcriptome for
the 9 samples analyzed resulted in the identifica-
tion of important trends and gene targets of inter-
est, but the small sample size reduced statistical
power. A current limitation in using mRNA-seq
technology to analyze large groups of patient sam-
ples is the current cost of preparing samples and
sequencing and analyzing the resulting data.
However, each of these steps is rapidly progress-
ing toward more automated platforms with dras-
tically lower costs. These improvements in work-
flow will rapidly allow for large sample sets to be

analyzed directly by mRNA-seq and eliminate the

Mayo Clin Proc. � March 2012;87(3):226-232 � doi:10.1016/j.mayoc
www.mayoclinicproceedings.org
need for secondary technology for validation ex-
periments. To validate the targets identified by
this work, we applied NanoString nCounter tech-
nology on a larger number of samples. One of the
advantages of this technology is that only 100 ng
of total RNA is sufficient to accurately measure the
expression of up to several hundred targets per
sample. When mRNA-seq is coupled with high-
throughput quantitative assays, like nCounter,
trends observed in lower-sample, high-coverage
assays can be verified quickly by high-sample, tar-
geted assays that increase statistical power.

We therefore chose genes from pathways of in-
terest that were differentially expressed in the small
number of oropharyngeal samples whose transcrip-
tomes were sequenced. We then validated these pat-
terns of expression in 38 oropharyngeal tumor-nor-
mal pairs, which demonstrated similar patterns of
regulation for 2 genes related to the DNA damage
and the p53 signaling pathway (ATR and CHEK2).
We examined the expression of these genes in pa-
tient samples grouped by smoking status and dem-
onstrated increased expression in patients with a
current smoking history compared with those with a
former history and those who lack exposure. This
same pattern was evident even when incorporating
the confounding clinical factor of active HPV infec-
tions in these same patient groups.

Patient stratification in OPSCC is complex be-
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to CHEK2 were quantified using nCounter te
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risk factors, such as smoking status and HPV infec-
tion, and activity that can affect tumor behavior,
prognosis, and treatment selection. Transcriptome
sequencing will aid clinicians in determining which
risk factors most significantly influence the develop-
ment of an individual patient’s cancer. The accumu-
lation of these data will also provide an invaluable
retrospective research data set that will lead to the
identification of patient and tumor markers most
strongly associated with treatment outcomes and se-
lection. As our understanding of this technology im-
proves, it will become an invaluable prospective tool
for clinicians, allowing them to select individualized
treatment strategies based on objective patient and
tumor biology.

CONCLUSION
Transcriptional profiling by mRNA-seq allowed us
to identify unique patterns of global gene regulation
that correlated with patient exposure to known on-
cogenic risk factors. Specific gene targets involved in
the p53 DNA damage-repair pathway, including
CHEK2 and ATR, were analyzed and displayed pat-
terns of increased expression associated with HPV-
negative current smokers when compared with past
smokers or nonsmokers. Identification and valida-
tion of these and related gene targets will serve as
valuable molecular tools for more accurately strati-
fying patients based on individual tumor biology
and behavior.
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