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Introduction
Cancers of the head and neck comprise 6% of all human malignancies1 and the majority 
of these are squamous cell carcinomas with an average five year survival of only 50%2. 
Previous studies of gene expression in these cancers used microarray analysis to identify 
a number of aberrantly expressed genes3-6. A powerful new approach to analyze the entire 
transcriptome of samples is based upon next-generation DNA sequencers that use  
massively parallel sequencing to generate gibabases of sequence data. We utilized the 
SOLiD/AB next generation DNA sequencer to analyze and compare the entire  
transcriptome of three oral tongue cancers to normal oral tongue tissue from the same 
matched patients. Using the novel SHREK protocol, which preserves transcript  
strandedness across the entire gene length, for the preparation of libraries from ribo-RNA 
depleted samples we obtained 100 Gbs of whole transcriptome sequence. We  
demonstrate that this RNA-seq protocol is a powerful tool for analyzing changes across 
the entire transcriptome during cancer development. We have demonstrated that gene 
expression profiling results obtained by sequencing are largely concordant with microarray 
data using identical samples. However, sequence data is able to detect many more 
transcripts that microarrays. In addition, there is a wealth of other information that is 
provided with this sequence. In addition to revealing information about distinct transcript 
isoforms, and their abundance, this technology can also detect mutations in more  
abundantly expressed transcripts and can even be used to analyze allele-specific  
expression. All together this technology provides a depth of genomic characterization that 
was previously not possible. From our data set we have observed that a common set of 
genes functioning in differentiation, adhesion, ECM digestion and muscle contraction were 
found to be differentially expressed in the tumors of all three patients. We also found that a 
number of genes exhibited changes in allelic imbalance and these genes were involved in 
functionally similar pathways as the genes that had consistent changes in expression. 
Mate-pair sequencing was done with DNA isolated from one patients tumor and matched 
normal oral tissue. This enabled us to observe a strong correlation between changes in 
copy number across the cancer genome and changes in gene expression. We observed 
that regions of copy number change were also more likely to contain genes that had 
allelically imbalanced expression. Differential gene expression and allelic imbalance  
impacted upon functionally similar genes, yet rarely the same exact genes. Our results 
suggest that gene duplication and deletion are key mechanisms that alter the expression 
of important genes involved in the development of this cancer. This new technology thus 
offers the means to more fully understand the molecular events underlying cancer  
development.
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RNA and DNA were isolated from the tumors and matched normal tissue of three patients 
with OSCC. RNA

 

was prepared for SOLiDTM sequencing using Applied Biosystems’ (AB) 
Whole Transcriptome Library Preparation Protocol (above left). Because it employs end- 
specific ligation of two distinct adapters, the protocol preserves knowledge of the strand 
from which the RNA originated. Also, because RNA is fragmented prior to cDNA  
synthesis, the protocol is less biased with respect to the positional origin of inserts

 

within 
transcripts. After sequencing, 50 bp reads were aligned to the human genome with AB’s 
Whole Transcriptome Alignment Pipeline (above right), a freely available and open- 
source pipeline, designed specifically to accommodate the unique features of whole 
transcriptome reads, including that transcriptome sequences are frequently spliced  
together from discontinuous regions of the genome. The novel aspect of this approach is 
the ability to split reads into fragments, map these fragments to the genome, and then 
extend these alignments to variable lengths. DNA

 

was prepared for SOLiDTM 
sequencing using AB’s Mate-Paired Library Preparation Kit. After sequencing, 25 bp x 2 
mate-pair reads were aligned to the human genome with corona_lite. The mate-pair 
alignments were subsequently used to detect copy number changes and large tumor- 
specific indels.
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We obtained deep coverage of paired 
normal and tumor transcriptomes

The table below lists alignment statistics for the transcriptome reads. Read counts listed in 
the middle section are expressed in millions (left column) or as a percentage of the total 
reads processed (right column).
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A common set of genes, functioning in 
differentiation, adhesion, ECM digestion 
and muscle contraction, is differentially 

expressed in the tumors of the three 
patients

(a) Transcript expression levels in each of the six samples were hierarchically clustered 
and, as expected, the normal and tumor tissues form tight clusters. Shades of blue 
indicate lower expression, relative to the mean across samples, whereas shades of 
yellow indicate higher expression. (b) For each patient, gene expression in the tumor was 
compared to matched normal tissue. Strong global correlations of differential transcript 
expression between the three patients are observed. (c) A scatterplot, comparing 
differential transcript expression in patients 8 and 33. (d-e) Examples of gene expression 
at two loci. Plotted across each locus is sequence coverage on both the plus (colored 
red) and minus (colored orange) strands, for the tumor and normal tissue of a particular 
patient. (d) MMP1 in patient 51. (e) HMGA2 and RPSAS52 in patient 8. The 300 most 
up-regulated (f) and down-regulated (g) genes in the tumors of the three patients were 
submitted for GOstat analysis to identify biological processes that are typically mis- 
regulated in OSCC.
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A common set of genes, functioning in 
cell adhesion and development, exhibits 

allelic imbalance

Allelic imbalance at the RNA level can arise in a number of ways, including through point 
mutation and changes in the relative expression of alleles. (a) Illustrated is a an example 
of two pre-existing alleles (A and C), one of which has a linked promoter mutation (red 
asterisk) in the tumor (T), relative to the normal tissue (N). If, for example, the mutation 
alters a cis-regulatory element, then the balance of the two alelles (A and C) may 
change. (b) In principle, there is enough sequence coverage to discover allelic imbalance 
for a large number of exons. (c) Genes with one or more instances of allelic imbalance in 
the tumors of two or more patients were submitted for GOstat analysis to identify  
biological processes that are typically allelically imbalanced in OSCC. (d) A selection of 
genes with allelic imbalance in two or more patients is listed, along with the differential 
expression of each gene and the regions of gene structure impacted.

Can
ce

r g
en

e?
    

Adhes
ion/ECM?

Allelic 
Imbalance?

Gene Expression 
Tumor vs Normal Allelic Imbalance Details

8 33 51 8 33 51 8 33 51
CCND1 3.7 -0.1 1.2 3 3 cyclin D1

CD44 -0.9 0.5 1.3 Syn, I   I, K->T I/NSS Cd44 molecule
CLTC 0.5 0.1 1.0 L->P   L->I clathrin, heavy chain (Hc)

COL6A3 1.7 0.7 -1.0 V->L   Syn procollagen, type VI, alpha 3
DEK 0.9 0.8 0.7 3   I/NSS DEK oncogene isoform 1

DHCR24 0.8 0.0 0.9 3 (2) 24-dehydrocholesterol reductase
DSC3 0.6 0.5 1.1 I (2) 3 (3) desmocollin 3 isoform Dsc3a preproprotein

DST -1.3 0.1 0.0 Q->R, T->R, F->L, I Syn, I, I/NSS S->Y dystonin isoform 1e precursor
EGFR 0.3 0.0 4.7  I, Syn I (3), Syn epidermal growth factor receptor
FAT2 0.1 0.3 1.9   Syn (2) L->S, I, I->M, Syn FAT tumor suppressor homolog 2
FLNA 0.7 1.1 0.7 Y->H  I/NSS (2) filamin, alpha
GLUL -1.0 -0.9 -1.3 P->L, Syn glutamine synthetase
JAG1 -0.2 0.6 1.5 I/NSS Syn (2), R->P jagged 1

NDRG1 1.0 1.7 1.9 I (18), 3,  I I N-myc downstream regulated 1
PERP 0.7 0.0 1.7 3 (2) PERP, TP53 apoptosis effector
PKP1 0.0 0.6 1.5 Syn, I/NSS   I plakophilin 1

S100A2 0.1 0.7 1.3 I/NSS I/NSS S100 calcium binding protein A2
STAT3 -0.8 0.7 -0.6 3 signal transducer and activator of transcription

TP63 -1.3 1.5 2.3 3 (2) I tumor protein p63 isoform 1
UBA1 -0.5 0.7 0.0 3   I/NSS ubiquitin-activating enzyme E1
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A switch in the genomic imprinting of 
two linked genes is observed.
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There are six sites in H19 (shaded orange) and one in IGF2 (shaded blue) on 
chromosome 11 that are apparently heterozygous in patient 8.  In

 

normal tissue, 
most detectable expression is from one allele, as expected for this imprinted,

 

 
maternally expressed gene. Unexpectedly, in the tumor, nearly all detected

 

 
expression is from the other, presumably paternal, allele. Observed nucleotides 
are from dbSNP. 
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(a) A strong correlation (ρ= 0.84) is observed between changes in copy number and 
changes is gene expression for patient 8. (b) The most strongly amplified region (9-

 

fold more copies in the tumor than normal; chr11:68,503,204-69,987,273) contains 
several differentially expressed (red and orange tracks) genes of interest: cyclin

 

D1 
(CCND1), oral cancer overexpressed

 

1 (ORAOV1), protein tyrosine phosphatase

 

receptor (PPFIA1), cortactin

 

(CTTN), and SH3 and multiple ankyrin

 

repeat domains 2 
(SHANK2). (c) The correspondence between large, tumor-specific

 

 
insertions/deletions (indels) and changes in nearby gene expression is less clear, 
although an enrichment of tumor down-regulated genes is apparent in the set of 
genes nearby large deletions. (d) Given that gene dosage changes

 

are strongly 
associated with gene expression changes, it is expected that heterozygous 
amplifications and deletions will be associated with the allelic

 

imbalance of

 

 
transcripts. Shown are the distributions of allelic imbalance for genomic regions 
that fall in to one of three categories of copy number change (CNC): low or no CNC 
(blue; | CNC | < 1.2), moderate CNC (red; 2 > | CNC | > 1.2, and

 

large CNC (yellow; | 
CNC | > 2). 
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Conclusions
We have demonstrated a novel RNA-Seq approach to reveal gene expression alterations in 
primary tumors. The RNA-Seq data collected here recapitulate earlier microarray-based 
studies of OSCC, but it also provides much greater information than microarrays. In  
addition to detecting lower abundance messages, we can also identify distinct transcript 
isoforms. In addition, from this data we have identified candidate point mutations and loss 
of imprinting events, as well as changes in allele-specific expression in the three oral 
tongue tumors analyzed. Allelic imbalance and differential expression tend to impact 
functionally similar genes, yet rarely the same exact genes, implying that genome-

 

wide measurement of allelic imbalance may provide a new avenue for the discovery 
of other genes involved in cancer development.

 

Comparing the matched tumor and 
normal genomes of one patient to the corresponding transcriptomes, we observe a strong 
correlation between changes in gene dosage and changes in gene expression. As might be 
expected, regions of altered gene dosage tend to contain genes with allelically imbalanced 
expression. Taken together, these results suggest that gene duplication and deletion are 
key mechanisms shaping the transcriptional landscape of this cancer. They also

 

 
demonstrate the power of this new technology to reveal a wider array of alterations 
that occur during cancer development.
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