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ABstrACt

Results of gene expression profiling studies from different institutes often lack 
consistency. This could be due to the use of different microarray platforms and 
protocols, or to intratumoral heterogeneity in mRNA expression. The aim of our study 
was to quantify intratumoral heterogeneity in head and neck cancer.     Methods. 
Forty-four fresh frozen biopsies were taken from 22 patients, 2 per tumor. RNA was 
extracted, tested for quality, amplified, labeled, and hybridized to a 35k oligoarray.                                                                                                           
Results. Unsupervised clustering analyses using all genes, the most variable genes, or 
random gene sets showed that 80% to 90% of biopsy pairs clustered together. A within-
pair- between-pair scatter ratio analysis showed that the similarity between matching 
pairs was significantly greater than that between random pairs (p <.00001). Conclusions. 
Two biopsies from the same tumor show far greater similarity in gene expression than 
biopsies from different tumors, supporting the use of 1 biopsy for expression profiling.



25

2

IntroduCtIon

Head and neck cancer is the fifth most common cancer, with an incidence of 780,000 
new cases a year worldwide (1). For most patients there is a choice between surgery, 
radiotherapy, chemo-radiation or a combination of these modalities. In addition, new 
agents interfering in specific cellular pathways, which can influence sensitivity to therapy, 
are rapidly becoming available. Prediction of tumor behavior, such as metastatic potential 
and response to these different treatments, would enable a more individualized approach 
in the selection of the optimal treatment. To date, the most important factors determining 
treatment choice and predicting outcome are tumor volume and tumor stage (TNM). 
However, the biological behavior of tumors and their response to therapy cannot be fully 
explained by these factors. Thus there remains an urgent need to find better ways to 
predict outcome, and aid treatment choice for individual patients.

Over the last few years, gene expression profiling using microarrays has provided a 
powerful new approach to study biological processes and has led to the discovery of 
differentially expressed prognostic and predictive molecular markers for several tumor 
types (2-4). For squamous cell carcinoma of the head and neck (HNSCC), most studies 
have primarily described global changes in gene transcription that distinguish normal head 
and neck epithelia from carcinoma (5). Several studies have searched for a classifier that 
could predict outcome. Roepman et al (6) discovered a gene expression profile predicting 
neck node metastases correctly in 86% of cases. Chung et al (7) found 4 distinct subtypes 
of HNSCC with different clinical outcomes, including chance of developing metastases. 
Belbin et al (8), Cromer (9) et al, O’Donnell (10) and Schmalbach et al (11) also found 
profiles for predicting metastases. However, these panels of molecular markers, which 
have been found to distinguish tumor subtypes, lack consistency.  This can partly be 
explained by the use of different microarray platforms and technical protocols, although 
another reason could be intra-tumoral heterogeneity in mRNA expression. Furthermore, 
in these studies, resection specimens rather than biopsies were used for RNA extraction. 
Since pretreatment biopsies are more practical, it is crucial to know whether these can be 
used reliably. 

It has been reported that HNSCC is heterogeneous at the genetic level, e.g. ploidy, 
amplifications, deletions (12-14). In our institute, we are interested in finding a profile 
that can predict outcome after radiation and chemoradiation, and have an ongoing 
study using gene expression profiling using biopsies. Heterogeneity within a tumor 
could possibly influence this study, since only one biopsy is taken to measure the gene 
expression profile, for reasons of practicality and economy. Perou and colleagues showed 
that expression patterns of two breast cancer biopsies were similar, taken before and after 
chemotherapy (15). No information is available on head and neck tumors, however. The 
aim of the present study was therefore to measure intra-tumoral heterogeneity of gene 
expression in head and neck cancers in order to see if one sample is representative for 
the whole tumor. 
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materIals and methods

sample collection
Biopsies were obtained from 22 head and neck cancer patients who were undergoing 
pre-treatment examination under general anesthesia. Twelve tumors originated from the 
oropharynx, six from the oral cavity, two from the larynx, and two from the hypopharynx, 
with variable T and N stages (Table 1), Two biopsies were obtained from each patient. The 
biopsies were taken within a distance of 1 to 1.5 cm from each other. The tumor material 
was snap frozen in liquid nitrogen immediately after removal. Frozen 6 μm sections were 
stained with H&E and evaluated by a pathologist. Only samples that contained >50% 
tumor cells were used for further analysis. This cut-off value follows that used previously 
by van ‘t Veer et al (16). The %tumor values ranged from 50 to 95%, with a mean of 75%.

table 1. patient and tumor characteristics

patient/tumor Age, y sex site t classification n classification

1 92 F Oral cavity 2 0

2 65 M Oral cavity 2 1

3 68 F Larynx 4 0

4 65 M Oropharynx 2 0

5 51 M Oropharynx 3 1

6 46 M Oropharynx 3 0

7 78 M Oral cavity 3 0

8 48 M Oropharynx 4 0

9 63 M Oropharynx 4 2

10 54 M Oropharynx 3 0

11 65 M Oral cavity 2 0

12 70 F Oral cavity 4 2

13 66 M Oropharynx 3 1

14 58 M Hypopharynx 3 2

15 47 F Oropharynx 3 1

16 64 M Larynx 2 0

17 85 M Hypopharynx 2 0

18 63 M Oropharynx 3 0

19 51 M Oropharynx 3 0

20 60 M Oropharynx 4 2

21 70 M Oral cavity 2 0

22 62 M Oropharynx 3 0
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rnA isolation and amplification. 
From each biopsy, 30 sections of 30 μm thickness were cut and used for total RNA 
isolation using RNA-Bee (Campro Scientific, Amersfoort, Netherlands). Assessment of 
%tumor cells was done on thin sections taken both before and after this series of thick 
sections. The isolated RNA was DNAse-treated using the Qiagen RNase-free DNase kit 
and RNeasy spin columns (Qiagen, West-Sussex, UK). This was dissolved in RNAse-free 
H2O. RNA quality control was performed using the Agilent 2100 Bioanalyzer (Santa Clara, 
California). Only samples with an RNA integrity number (RIN) above 7 were included. 
Two μg of total RNA was used to generate cDNA, which was then amplified into aRNA 
using the T7-mRNA Superscript Amplification System (Invitrogen, Carlsbad, California). 
Amplification yields were 1000 fold. 

arnA labeling and hybridization. 
One microgram of aRNA from each tumor sample was labeled in a reverse transcriptase 
reaction with Cy3 or Cy5 (ULS-CyeDye, Kreatech Biotechnology, San Diego, California) 
and mixed with the same amount of reverse colour Cy-labeled aRNA from a reference 
pool that consisted of pooled aRNA of equal amounts from 62 head and neck tumors. 
This pool should represent the vast majority of genes that are generally expressed in 
head and neck tumors. For each tumor, two hybridizations were performed, involving a 
dye swap (Cy3-tumor with Cy5-reference pool and vice versa) to account for any dye bias. 
After labeling of the RNA, hybridization was performed at the Central Microarray Facility 
of The Netherlands Cancer Institute (http://microarrays.nki.nl/), using the TECAN HS4800 
Hybridization Station (Männedorf, Switzerland). Arrays were scanned with an Agilent 
microarray scanner (Santa Clara, California).

table 2. Summary of Pearson coefficients for correlations of gene expression between biopsies. 
The total matrix of correlation coefficients (a 44 x 3 x 44 matrix) can be found as supplemental 
information. Gene expression correlations were significantly higher between biopsies from the same 
tumor (“within pairs”) than between biopsies from different tumors (“between pairs”).

Within pairs Between pairs
Mean correlation .54 .16

SD 0.10 .10

N 22 924

Max 0.71 0.50

Min 0.35 -0.15

P < 0.001

abbreviations: SD, standard deviation; N, number. A t test was used to test significance.
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microarray slides. 
Oligo micorarrays were manufactured at the NKI Central Microarray Facility (Amsterdam, 
Netherlands), in which 70 mer sequences, obtained from Operon, v.3.0 (Alameda, 
California) were printed in a 28 x 28 sub array layout on amino-silane coated Corning 
UltraGAPS slides (Acton, Massachusetts) using 48 Biorobotic 10K-microspot pins 
(Cambridge, UK). A total of 34,580 probes represent 24,650 genes and 37,123 gene 
transcripts probes. In addition, 14 different Bacillus subtilus sequences as spike-controls, 
printed in triplicate, are included in every sub array. 

Analysis and statistics.
Fluorescent intensities were measured using Imagene 6.0 software (Biodiscovery, Marina 
Del Rey, California). The raw dataset was normalized and fed into the Rosetta error model 
(17). Gene and tumor clustering were performed with unsupervised average linkage 
hierarchical clustering (Pearson correlation, Euclidean distance) using BRB tools (Biometric 
Research Branch, NIH http://linus.nci.nih.gov/brb-arraytools.htm). 

To measure inter- versus intra-tumoral variations, the within-pair-between-pair scatter 
ratio (WPBPSR), as previously described by Weigelt (18) et al(8), was calculated. Statistical 
significance of the WPBPSR is determined by performing a permutation test. During each 
iteration of this test, the biopsies were randomly paired and the WPBPSR computed for 
this random paring. This procedure was repeated 5000 times. Results were compared 
with the ratio for the correct biopsy pairs.

results

We first looked for similarities within biopsy pairs using unsupervised hierarchical 
clustering, taking into account all 35k genes. This procedure grouped 20 of the 22 biopsy 
pairs together (Figure 1), indicating that their gene expression profiles were more similar 
than those between different tumors. Correlations between all biopsy pairs (a 44x 44 
matrix) are available as supplementary information. A summary is shown in table 2, 
showing that the average correlation between biopsies from the same tumor (n=22) was 
significantly greater than that between unrelated biopsies (n=924).

Since genes that show significantly different expressions between tumors are the ones 
most likely to predict their different biological behavior and treatment response, we 
applied several filters to the gene set to select a progressively higher fraction of these 
variable genes. This was done by varying the threshold for minimum fold change, in either 
direction, of the gene’s median value, between 1.5 and 3.5. With these filtered gene sets 
we repeated the unsupervised clustering, using two distance measures, namely, Pearson 
correlation and Euclidean distance. Figure 2 shows the percentage of biopsy pairs that 
clustered together using the different filters and distance measures. Even when testing 
the most highly significantly different genes, 515 in total, more than 80% of the biopsy 
pairs clustered together.
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2figure 1. Unsupervised hierarchical clustering of 22 matched biopsy pairs, measured over 35k 
genes. Twenty out of 22 biopsy pairs clustered together. Pairs 9 and 17 did not.

figure 2.  Percent of biopsy pairs clustering together when using different gene filters and algorithms. 
Starting with the complete gene set, low variance genes were recursively removed and the remaining 
high variance genes were clustered using average linkage hierarchical clustering with Pearson 
correlation and the Euclidean distance as distance measures, respectively. High variance genes 
appear towards the left. The number of pairs that clustered together did not change significantly 
during this process. The tumor pairs not clustering are shown below each point for both Pearson (P) 
and Euclidean (E).

Next we created 50 random gene sets all containing five hundred genes, and repeated 
the clustering procedure. Figure 3A shows a histogram of how many biopsy pairs clustered 
together using these 50 gene sets. The major peak was around 18-20 of the 22 pairs. We 
then asked if the non-pairing tumors were always the same ones.  Figure 3B shows that 
there were a total of 11 tumors whose pairs did not cluster together one or more times, 
and in three of these, this occurred with high frequency (more than 20%), namely tumors 
9, 17 and 22.
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We looked at the histology and other characteristics of these three tumor pairs. 
Although RNA concentration after isolation, RNA quality and tumor percentage differed 
slightly within these pairs, this could not explain why they did not cluster, since these 
differences were also seen in pairs that always clustered together. Two tumors were well 
differentiated, twelve tumors were moderately differentiated, and eight tumors were 
poorly differentiated. Unsupervised hierarchical clustering did not separate the tumors 
by differentiation grade. Grade was therefore not a factor determining whether biopsies 
did or did not cluster together. To search for genes which were responsible intra-tumoral 
variation, we performed a paired SAM analysis (Significance Analysis of Microarrays) (19). 
For the 11 tumor pairs which always clustered together, 14 genes were found which were 
consistently different between the pairs. For the remaining 11 pairs, 73 genes were found, 
with no overlap in gene sets. As a final check, we analyzed only the 3 tumors showing 
the least tendency to cluster (greatest intra-tumoral variation; tumors 9, 17 and 22). The 
paired SAM analysis found no genes which were consistently and significantly different 
between these pairs. From these analyses, we could find no obvious consistent cause (a 
particular pathway, presence of inflammation, type of tumor, etc) which could have been 
responsible for the intra-tumoral variation.

 

figure 3. Unsupervised hierarchical clustering with 50 random sets of 500 genes each.  
(A) Histogram showing the number biopsies pairs that clustered together with the different gene 
sets. 
B) Histogram showing which biopsy pairs did not cluster together. Three pairs showed incorrect 
cluster paring with a high frequency (tumors 9, 17 and 22). Twelve pairs did not cluster with one or 
more gene sets, while 11 pairs always clustered together.

Further, to ascertain that the similarity we observed between these biopsy pairs did not 
result by chance, a further analysis was performed to establish the within-pair-between-
pair scatter ratio (WPBPSR; see materials and methods). We subsequently determined 
statistical significance of this WPBPSR for the 22 biopsy pairs by a permutation test. During 
this test, we randomized the labels of all the biopsies and the WPBPSR was computed 
for each random pairing. The similarity between matching biopsy pairs was shown to be 
significantly higher than the similarity between random pairs (WPBPSR of 0.55 versus 1.0 
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+/- 0.05 for random pairings; P < 0.00001) (Figure 4, see color section for full colour ). This 
shows that there is a highly significant correlation between expression profiles between 
two biopsies from the same tumor. 

figure 4. Permutation test of the within-pair-between-pair-scatter ratio (WPBSR). The histogram 
shows the distribution after randomly pairing biopsies, repeated 5000 times. The red line represents 
the WPBPSR of the matched biopsy pairs (WPBPSR = 0.55), showing a highly significant difference 
from the random pairings (p < 0.00001). See color section for full colour.

dIsCussIon

Intra-tumoral heterogeneity is often mentioned as a disturbing factor in studies of 
gene expression profiling, protein expression and DNA analyses. It could also be 
one of the reasons that different studies report different sets of potential prognostic 
genes for the same tumor type and site. In addition, attempts to look for expression 
signatures predicting outcome after specific treatments, in which a single sample is 
taken for each tumor, could also be confounded by intra-tumoral heterogeneity. If so, 
a very heterogeneous tumor may preclude the use of these techniques. To address this 
potential problem, we collected 22 pre-treated biopsy pairs and compared their gene 
expression profiles to look at heterogeneity in head and neck cancer, a site reputed to 
be heterogeneous. The various statistical analyses we applied showed that the biopsy 
pairs had generally similar gene expression profiles. In our study, biopsy pairs were taken 
under general anesthetics during pre-treatment examination, and two biopsies was felt 
by the clinicians to be the maximum possible practically and ethically. We did not have 
access to large resection specimens, which would have allowed us to collect multiple 
biopsies from each tumor. For this reason we could not perform an analysis of variance, 
but instead tested similarities using the within-pair-between-pair scatter ratio. This test 
clearly showed a highly significant degree of similarity for the biopsy pairs from the same 
tumor, in comparison to that between different tumors. 
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Despite this reassuring finding, cluster analyses showed that there were a few tumors 
which appeared to be somewhat more heterogeneous, since their biopsy pairs didn’t 
cluster together when using one or more gene sets. Overall, the proportion of tumors 
showing pair clustering was close to 90%. For the non-clustering pairs, these were usually 
still in closely related branches of the dendogram, indicating only a modest degree of 
dissimilarity. It is difficult to quantify exactly how these dissimilarities will confound the 
search for prognostic or predictive profiles in head and neck cancer. In our own parallel 
ongoing study, we are attempting to predict locoregional recurrences after combined 
drug-radiation therapy. If the 10% more heterogeneous tumors are randomly distributed 
between those with and without locoregional recurrences, the chance of preventing the 
discovery of significant profiles is probably small. This is supported by the finding that 
selecting the most variable genes, the ones most likely to contribute to a significant 
classifier, did not reduce the number of clustering biopsy pairs. However, this modest 
degree of heterogeneity might still make it more difficult to find a good classifier and 
could influence the power of a classifier in individual patients.

Previous studies (12-14) have also addressed the problem of intra-tumoral heterogeneity 
within head and neck cancer using other assays. Tremmel et al (12) found an average 
discordance of 24.3 % when comparing two anatomically distinct biopsies form one 
tumor in terms of copy number changes. Jin et al (13) made a similar observation, namely 
that in one HNSCC they found 2 distinct cytogenetically unrelated clones, arguing for 
a multicellular origin of that HNSCC. El-Naggar et al (14) only found a minor degree 
of intra-tumoral heterogeneity These studies indicate that head and neck cancer can 
indeed be heterogeneous at the genome level, although changes in gene expression 
were not studied. The issue of intra-tumoral heterogeneity of expression was recently 
addressed for gastric cancer (20). The study, like the present one, also showed a far 
greater degree of similarity of expression within tumors than between tumors, although 
only six patients were studied. Finally, in a recent study by Bachtiary et al (21) on intra-
tumoral heterogeneity in gene expression in cervix cancer, they concluded that more than 
one biopsy may be necessary to obtain accurate information.

In summary, the findings presented here show that there is indeed intra-tumoral variation 
in gene expression within head and neck cancers. However, they also show that in the 
vast majority of cases, two biopsies from the same tumor show far greater similarity in 
gene expression than biopsies from different tumors. Taking more than one biopsy would 
inevitably increase the reliability of tumor expression profiling studies, although the 
present data indicate that useful information can be obtained from a single biopsy.
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