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Abstract

One of the major concerns in microarray profiling
studies of clinical samples is the effect of tissue
sampling and RNA extraction on data. We analyzed
gene expression in lung cancer specimens that were
serially harvested from tumor mass and snap-frozen
at several intervals up to 120 minutes after surgical
resection. Global gene expression was profiled on
cDNA microarrays, and selected stress and hypoxia-
activated genes were evaluated using real-time
reverse transcription polymerase chain reaction (RT-
PCR). Remarkably, similar gene expression profiles
were obtained for the majority of samples regardless
of the time that had elapsed between resection and
freezing. Real-time RT-PCR studies showed significant
heterogeneity in the expression levels of stress and
hypoxia-activated genes in samples obtained from
different areas of a tumor specimen at one time point
after resection. The variations between multiple sam-
plings were significantly greater than those of elapsed
time between sampling/freezing. Overall samples
snap-frozen within 30 to 60 minutes of surgical re-
section are acceptable for gene expression studies,
thus making sampling and snap-freezing of tumor
samples in a routine surgical pathology laboratory
setting feasible. However, sampling and pooling from
multiple sites of each tumor may be necessary for
expression profiling studies to overcome the molec-
ular heterogeneity present in tumor specimens.
Neoplasia (2004) 6, 761-767
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Introduction

Non small cell lung cancer (NSCLC) accounts for 80% of
lung cancers and comprises several histologic subtypes, of
which adenocarcinoma (ADC), squamous cell carcinoma
(SQCC), and large cell carcinoma are the most common.
Recent years have witnessed the application of cDNA and
oligonucleotide microarrays to classify NSCLC at a molec-
ular level. Studies performed in stages | to Il NSCLC spe-
cimens have demonstrated gene expression profiles
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that distinguish types of lung cancer and subtypes of ADC
with different clinical outcomes for a given tumor stage [1-3].
On this basis, a “lung cancer chip” has been proposed as a
future clinical tool to molecularly classify and substage NSCLC
specimens [1,4]. These and most other microarray studies
have been done on banked frozen tissue sampled from surgi-
cally resected tumors, but the nature and timing of tissue
sampling have rarely been discussed in detail. RNA is known
to be highly susceptible to degradation and expression of
transcripts may be altered due to acute tissue hypoxia and
stress following surgical resection [5]. Because the quality of
the extracted RNA could greatly influence the results of ex-
pression studies on tumor samples snap-frozen at different
times following resection, these results might be influenced by
changes due to surgery and sampling rather than due to the
molecular phenotype of that tumor. We report here our findings
on the changes of gene expression in tumor samples main-
tained at room temperature for different time intervals up to 120
minutes prior to snap-freezing in liquid nitrogen following
surgical resection.

Materials and Methods

Tumor Samples

NSCLC specimens were obtained with informed consent
according to a study protocol approved by our institutional
Human Tissue Committee and Research Ethics Board.
Table 1 illustrates the pathologic characteristics of these
tumors. In all studies, each sample harvested was approxi-
mately 0.5 cm® (0.8 x 0.8 x 0.8 cm) of tumor tissue ob-
tained from lobectomy or pneumonectomy specimens
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Table 1. Pathological Features of Samples Used in This Study.

Sample ID Tumor Type Differentiation Greatest Diameter
Grade of Tumor (cm)
P321 Squamous cell Moderate 3.6
carcinoma
UHN323 Adenocarcinoma Moderate 2.0
P322 Adenocarcinoma Moderate 2.0
P323 Squamous cell Poor 2.7
carcinoma
P325 Large cell carcinoma 3.5
P326 Adenocarcinoma Well 10.0

maintained at room temperature after surgical resection.
Two consecutive tumors were used in the time course
experiments. In the first, tumor samples were snap-frozen
in liquid nitrogen at 5, 10, 15, 20, 30, 60, and 120 minutes
after resection. In time course experiment 2, samples were
snap-frozen in liquid nitrogen at 10, 20, 30, 40, 50, and 60
minutes from resection. In four additional tumors, six differ-
ent sites were sampled at the same time within 30 minutes of
resection to examine sample heterogeneity within individual
tumors. Sections corresponding to each frozen sample used
for the extraction of RNA in the time course and heteroge-
neity studies were also stained with hematoxylin and eosin
(H&E) and assessed for cellular content by light microscopy.
These sections confirm that the various tumor regions sam-
pled showed similar histologic appearances. Subsequent
surgical pathologic examination of the tumors confirmed
the homogeneous histopathology of these tumors.

Gene Expression Studies by cDNA Microarray

Total RNA was isolated using the guanidium thiocya-
nate—phenol—chloroform method [6], purified by the RNeasy
Mini kit (Qiagen, Inc., Mississauga, Ontario, Canada) and
the quality of RNA preparation was confirmed using an
Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA).
Expression profiling was performed with cDNA microarrays
printed on glass slides from a 1.7K clone set (http://www.
microarrays.ca) on all samples from time course experi-
ments 1 and 2. These arrays contained 1700 probes derived
from IMAGE clones. The cRNA probes were labeled and
hybridization was performed as previously described [4]. All
samples were referenced to an RNA stock derived from the
immortalized human bronchial epithelial cell line HBE135-
E6E7 [4,7]. Duplicate and reciprocally labeled arrays with
Cy3 and Cy5 were performed at each time point. Microarray
images were acquired using a Genepix 4000 scanner (Axon
Instruments, Inc., Union City, CA) and signal intensities were
quantified with Quantarray image analysis software (GSI
Lumonics, Ottawa, Ontario, Canada). Quantarray data han-
dler 2.6 software was used for data normalization. Back-
ground values were deleted, and Cy3 and Cy5 channels
of each array were normalized by subarray intensity. The
signals for Cy3 and Cy5 from duplicate arrays (total of four
spots) were averaged and the standard deviations were
calculated. Genes where the value for the standard deviation
minus the mean of four spots was > 0 were eliminated. The

value for each gene was then expressed as a ratio that
was calculated by dividing the average signal for the sam-
ple by the average signal for the reference, then converted
to log, for analysis.

Measurement of Stress and Hypoxia Pathway Genes by
Real-Time Reverse Transcription Polymerase Chain Reac-
tion (RT-PCR)

RNA samples from the time course experiments (n = 2)
and the sample heterogeneity experiments (n=4) were used
for these assays. Five micrograms of total cellular RNA was
reverse-transcribed using Tagman Reverse Transcription
reagents and Random Hexamer primer (Perkin-Elmer
Applied Biosystems, Foster City, CA). A 10-ng equivalent
of cDNA was used in each quantitative PCR assay using the
ABI PRISM 7700 Sequence Detection System, as previously
described in detail [8]. All assays were performed in dupli-
cate. Primer sets for PCR amplifications were designed
using the Primer Express software (Perkin-Elmer Applied
Biosystems). The genes and corresponding forward and
reverse primers (5 —3') used were: JNK3 (mitogen-activated
protein/MAPK10, U34820), GCGGACTCCGAGCACAATAA
and GCGTCGTCCACTGATATTCTTTT; JUN-B (JUN-B
proto-oncogene, X51345), ACTCATACACAGCTACGGGA-
TACG and AGGCTCGGTTTCAGGAGTTTG; AP-1 (c-Jun
proto-oncogene, J04111), TCCACGGCCAACATGCT and
CGACGGTCTCTCTTCAAAATGTTT; CAIX (carbonic anhy-
drase IX, NM 001216), ACTTCAGCCGCTACTTCCAA-
TATG and GAGAGGGTGTGGAGCTGCTTAG; PRSS25
(protease, serine 25, NM 013247), AGCTTTCCCGATGTT-
CAGCAT and TTTGTACCATCTGCTCCCCAAT; HHR6B
(human homologue of Rad6B or ubiquitin-conjugating en-
zyme E2B, M74525), CGATGGAGTCCAACATATGATG
TATC and AGCTGTGCTGCCTGGCTATT. To exclude the
amplification of contaminating genomic DNA sequences,
primers were designed to locate on two adjacent exons,
and dissociation curve and primer efficiency tests were
performed as routine verification. All assays were done using
duplicate samples of each RT product, and each assay was
repeated twice. The Cr represented the relative abundance
of a transcript and the 18S ribosomal RNA transcript level
was used to monitor the sample-to-sample variation of RNA/
cDNA quantity using the ACr (Cr[gene] — C+[18S]) method
[8]. The relative fold change in the expression of each gene
was expressed as 22 where AACr = the difference
between the ACr value of the gene for each sample and
the mean ACr value of the calibrator for that target. For
these experiments, the calibrator was the ACy measured
for the gene in the first sample in the experiment (e.g., the
sample at 5 minutes for time course 1).

Microarray Data Analysis

The aim of this analysis was to investigate the possible
general trends over time in gene expression following surgi-
cal resection. Therefore, all genes for which there was no
sample:reference ratio (i.e., missing data) at one or more
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time points were excluded. First, all summary statistics of
the data at each time point were calculated and examined
for a general trend. Second, a line was fitted for each gene to
examine the possible alterations of some genes. For this part
of the analysis, the significance analysis of microarray (SAM)
technique was applied [9]. A binary tree—structured vector
quantization (BTSVQ) (http://www.cs.toronto.edu/~juris/
btsvg/downloads.html) algorithm was used to cluster the
samples in an unsupervised way, using all expression pro-
files [10]. BTSVQ combines a partitive k-means clustering
and a self-organizing map (SOM) algorithm in a complemen-
tary way to achieve unsupervised clustering of both samples
and genes. Partitive clustering results were cross-verified
with the clusters generated by SOMs. Each component
plane of SOMs represents a single microarray experiment.
Visualization is achieved by assigning a color to each group
of genes from a spectrum to render low expression (blue) to
high expression (red). Thus, finding a visually similar pattern
across multiple samples indicates that the same set of
genes is similarly expressed.

Real-Time RT-PCR Data Analysis

The AACy values were compared using line graphs and
scatter plots. This analysis was performed for two tumors
over time, and for four tumors on samples taken from six
different parts of each tumor at the same time following
resection. The data were plotted and summary statistics
were calculated to investigate the variation due to time and
that due to heterogeneity within each tumor. The variance of
expression of each gene within the tumors due to the time
between resection and freezing as well as due to the
heterogeneity of expression within the tumors was calculated
using variance component analysis.

Results

Changes in Gene Expression with Time after Resection
Two NSCLC specimens were obtained from lobectomy/
pneumonectomy specimens and maintained at room tem-
perature, and consecutive samples were snap-frozen at
various time intervals after resection. Evaluation of the
RNA samples extracted from these tissues showed no
deterioration or trend toward poorer quality in samples
obtained at later time points (Table 2). Microarray data at
all time points were available for a total of 623 and 300 genes
for time course experiments 1 and 2, respectively. First, we
obtained a measure of the global trend in gene expression
with time. The log, gene expression ratios were averaged
and standard deviations were calculated for each time point.
The result demonstrates that the mean and median gene
expression ratio varied among the time points, but there was
no clear monotonic relationship with time (Table 2). We then
examined the possibility that individual genes may either
increase or decrease with time using the SAM technique [9].
Only two genes (CACNB3, IMAGE clone H08978; LAMP1,
IMAGE clone R89708) in time course 1 were identified to
have a possible linear relationship with time. In time course
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Table 2. Changes in RNA Quality and Gene Expression Ratios Due to the
Time Elapsed between Resection and Freezing of Tissue Samples.

Time from RNA Quality Mean Gene SD Median Gene
Resection (min) 285:18S Expression Expression
Ratio (logo) Ratio (logo)
Time course 1 (number of genes = 623)
5 2.27 —0.01 0.42 —0.09
10 2.06 0.08 0.32 0.04
15 2.46 -0.16 0.76 -0.34
20 2.16 —0.08 0.38 —0.14
30 2.44 0.09 0.35 0.04
60 2.09 0.01 0.37 —0.06
120 2.05 -0.14 0.58 -0.28
Time course 2 (number of genes = 300)
10 1.94 —0.04 0.39 —0.05
20 2.00 —0.08 0.36 —0.06
30 1.91 —0.06 0.49 —0.05
40 2.1 0.01 0.33 0
50 2.03 -0.15 0.46 —-0.16
60 2.56 -0.32 0.47 -0.41

2, there were no genes that demonstrated a linear relation-
ship with time. We next examined the patterns of relative
gene expression with time using the BTSVQ clustering
algorithm as previously reported [10], and the expression
profiles were illustrated using component planes of SOMs
(Figure 1). In time course 1, the gene expression profiles at
5,10, 30, 60, and 120 minutes were most alike and clustered
separately (cluster 1) from those obtained at the 15- and
20-minute time points (cluster 2). In time course 2, the gene
expression profiles at 10, 20, 40, and 50 minutes clustered
separately (cluster 1) from those at 30 and 60 (cluster 2)
minutes. The results demonstrate striking similarity between
five of seven, and four of six gene expression profiles for
the two time course experiments, respectively. A clear
pattern of change in relative gene expression with time did
not emerge from these data.

Expression Changes of Stress and Hypoxia-Activated
Genes

Real-time RT-PCR was used to measure the expression
of six genes in both time course experiments and in the
experiments designed to assess intratumoral heterogeneity
of samples harvested simultaneously from six different parts
of tumors within 30 minutes of resection. Examination of the
H&E-stained sections confirmed the presence of > 60%
cancer cells for each sample, with the majority of samples
demonstrating > 80% cancer cells. Figure 2 shows that the
levels of expression of these genes varied over the time
period examined, but the relationship with time from resec-
tion was not linear. Furthermore, the sample heterogeneity
experiments also demonstrated a variation of gene expres-
sion levels among the samples harvested from six different
sites in all four tumors studied (Figure 3). When we com-
pared the variance in expression of these genes among
samples in the time course versus the samples from the
heterogeneity experiments, all but one gene (HHR6B) re-
vealed a greater variation in samples from different sites of
the tumor than samples harvested at different time intervals
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Figure 1. Unsupervised clustering analysis by the BTSVQ algorithm.
Component planes of SOMs illustrate the gene expression, based on data
from two arrays, at each time point. Finding a visually similar pattern across
multiple samples indicates that the same set of genes is similarly expressed.

following resection (Table 3). Furthermore, the expression
heterogeneity was not related to whether the sample was
harvested from the central or peripheral parts of the tumors
(Figure 3).

Discussion
The aim of this study was to examine the effect of time
following surgical resection and sampling on expression
studies in NSCLC specimens. We demonstrate that when
different samples of a tumor are snap-frozen at increasing
time intervals following surgical resection, they can have
similar gene expression patterns. In samples taken between
5 and 120 minutes in time course 1, and between 10 and
60 minutes in time course 2, the quality of RNA extracted
did not deteriorate as evaluated by the Agilent Bioanalyzer,
nor was there a global decline in mean gene expression with
time. Only two genes were identified to have a linear rela-
tionship with time, and cluster analysis revealed a high
degree of similarity in more than two thirds of these samples.
With one exception, the genes specific to stress and hypoxia
pathways that were measured using real-time RT-PCR
demonstrated greater variation among several samples har-
vested simultaneously from various parts of the tumor, than
in samples of a tumor taken at different times up to 120
minutes after resection.

In theory, hypoxia and stress due to disruption of the
circulation could lead to rapid changes in the cellular
microenvironment and, therefore, gene expression. Consis-

tent with the data in the present study, D’Orazio et al. [11]
demonstrated stable expression levels of glyceraldehyde-
6-phosphate dehydrogenase (GAPDH), 3-actin, c-myc, and
Fra-1, which is upregulated in response to oxidative stress,
for 4 hours using Tagman quantitative RT-PCR. Dash et al.
[12] demonstrated little change in relative gene expression
up to 5 hours after resection using cDNA microarray in
prostate cancer specimens. However, an increase in the
expression of a minor proportion (< 0.6%) of the genes at
1 hour following resection was demonstrated [12]. These
genes included jun B proto-oncogene, which did not change
significantly in the present study (Figure 3); thus, there may
be tissue-specific differences in the stability of gene ex-
pression following surgical resection. We suggest that al-
though it is prudent to snap-freeze tumor samples as soon
as possible after resection, tissue sampled anytime within
30 to 60 minutes from resection appears to be suitable
for expression studies including genomewide microarray
analysis.

We were intrigued to detect greater intratumoral hetero-
geneity than variation due to the time from resection of five
of six stress- or hypoxia-associated genes studied. These
genes included HHR6B (or ubiquitin-conjugating enzyme
E2B), which is induced in response to cellular stress [13]
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Figure 2. The effect of time from surgical resection on the expression of
selected stress/hypoxia genes measured by real-time RT-PCR.
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Figure 3. Expression of stress/hypoxia genes by real-time RT-PCR. For each gene, the measurements for two time course studies at each time point (left) are
compared to the gene measurements for four tumors sampled from six different sites at the same time point from resection (right). The Y-axis values represent the
ACt (Cr[gene] — C7{18S]). The numbers on the left side are for the two longitudinal time course specimens, whereas the numbers on the right are for the four
multiple sampling specimens. The differences in the ACr values of the two groups of specimens were due to different dilutions of cDNA used to perform 18S real-

time RT-PCR measurements. X, central samples; O, peripheral samples.

and also demonstrated a high variation in microarray
experiments independent of time (data not shown); two
genes activated in response to hypoxia, AP-1[14] and CA-
IX [15]; and the stress-activated genes JNK3 [16], JUN-B
[17], and PRSS25 [18]. Gene expression data are usually
based on a single extraction of RNA. Vasselli et al. [19]
reported on the reproducibility of microarray-derived gene
expression data for renal cell cancer. When replicate
arrays were performed using the same RNA samples,
there was a Pearson correlation among log ratio expres-
sion profiles of > 0.5 for 20 of 22 patients. In contrast,
when RNA was isolated from three separate areas of the

Table 3. Variance of Gene Expression According to Time Course Versus
Sampling.

Gene Gene Name (Synonyms) Intratumoral Variance/
Total Variance (%)
Time Course Heterogeneity
Experiments Experiments
(n=2) (n=4)
JNK3 JNK3 a1 protein 16 97
kinase (MAPK10)
JUN-B JUN-B proto-oncogene 12 81
AP-1 c-Jun proto-oncogene 15 57
CAIX Carbonic anhydrase IX 21 66
HHR6B Human homologue of Rad6 89 42
(UBE2B, ubiquitin-
conjugating enzyme E2B)
PRSS25 Protease, serine, 25 16 28

Neoplasia e Vol. 6, No. 6, 2004

same tumor, samples from only two of six patients had
correlations > 0.5.

The problem of intratumoral heterogeneity is frequently
encountered in studies that use immunohistochemical
methodology. For example, mixed reports with respect to
the utility of CA-IX as a prognostic marker for cervical
cancer may be attributable to sampling error [20,21].
Hedley et al. [21] measured CA-IX in multiple biopsies
using a semiautomated fluorescence image analysis tech-
nique, and observed intratumoral heterogeneity to account
for 41% of the variance in the data set. The authors
estimated the probability of failing to detect the true un-
derlying association between CA-/X and outcome to be
28% when only one biopsy was obtained from a hetero-
geneous tumor compared to 13% in the ideal situation with
no heterogeneity. Intratumoral heterogeneity of gene ex-
pression in part arises from different cellular populations
(i.e., stromal cell versus cancer cell). Sugiyama et al. [22]
noted markedly different results when gene expression
profiles of microdissected cancer cells were compared to
those of nondissected cancer tissues. Although laser cap-
ture microdissection offers a means to circumvent the
potential confounding effect of different cell types in a
sample, cluster analysis of pyramidal neurons has also
revealed that even a single cell type in vivo is not a homo-
geneous population at the gene expression level [23]. The
distribution of a gene may depend on the cellular location.
Expression of CA-IX is most marked around necrotic
central areas of tumors [24]. However, it is interesting that
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the heterogeneity of the genes we examined in the present
study does not appear to relate to whether the sample was
derived from the center or the periphery of the tumor. With
this in mind, it is notable that we obtained a similar result
in greater than two thirds of samples taken for the time
course experiments. Therefore, the chance of getting a
“representative” sample may be estimated at 60%. Anal-
ysis of the width of 95% confidence intervals of ACy for
the six stress/hypoxia—related genes when one to six
samples per tumor were used demonstrated a range from
1.39 to 5.10 (Figure 4), with the means for four and five
samples per tumor being 2.10 and 1.87, respectively.
Because Cr is the log, of changes in expression levels,
it can be estimated that four samples would allow two-fold
variation on either side of the mean expression level to be
within the range of heterogeneity. Thus, we would recom-
mend that pooling samples from four different areas of a
tumor should be sufficient to minimize artifacts from tumor
heterogeneity.

In conclusion, we have investigated the potential con-
founding effects of sampling procedure on gene expression
profiling studies using surgically resected tumor specimens.
We suggest that samples snap-frozen within 30 to 60
minutes from resection are acceptable for such analyses
and this should be feasible in a routine surgical setting.
Molecular heterogeneity within tumors should also be con-
sidered as a confounding factor; thus, sampling and pooling
of tissue/RNA from multiple sites of a tumor are advisable. In
studies that correlate clinical outcomes with gene expres-
sion, a large number of cases might possibly offset the effect
of heterogeneity within single samples.
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