
Introduction
The passing of human tumour tissue through a seri-
es of immunodeficient nude mice (“serial passa-
ging”) has been an important model system in can-
cer research for more than 40 years (Rygaard &
Povlsen, 1969). Such xenograft models have the
advantage of unlimited availability of live tumour
tissue, allowing for repeated experiments on the

same tumour. It has been shown by various
techniques, including histology and DNA ploidy,
that the transplants are stable over many passages
and for several years (Povlsen et al., 1980). For
most practical purposes it has been assumed that
multiple xenografts, derived from a single xenograft
sample, are more or less identical within a limited
number of passages. Limitations of the system may
be due to selection bias of tumour lines by their
transplantability, the replacement of the human
stroma by murine stroma cells and altered host/graft
interaction as for example regarding drug metabo-
lism and immunology. These limitations have to be
addressed when interpreting the results of xenograft
experiments. 
At our institution xenograft models are used in a
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Summary
Human tumour tissue transplanted to and passed through immunodeficient mice as xenografts make pow-
erful model systems to study tumour biology, in particular to investigate the dynamics of treatment respon-
ses, e.g. to chemotherapeutic agents. Before embarking on large-scale gene expression analysis of che-
motherapy response in human sarcoma xenografts, we investigated the reproducibility of expression
patterns derived from such samples. We compared expression profiles from tumours from the same or dif-
ferent mice and of various sizes, as well as central and peripheral parts of the same tumours. Twenty-three
microarray hybridisations were performed on cDNA arrays representing 13000 genes, using direct label-
ling of target cDNAs. An ANOVA-based linear mixed-effects model was constructed, and variances of
experimental and biological factors contributing to variability were estimated. With our labelling procedu-
re used, the effect of switching the dyes was pronounced compared to all other factors. We detected a small
variation in gene expression between two tumours in the same mouse as well as between tumours from dif-
ferent mice. Furthermore, central or peripheral position in the tumour had only moderate influence on the
variability of the expression profiles. The biological variability was comparable to experimental variabili-
ty caused by labelling, confirming the importance of both biological and technical replicates. We further
analysed the data by pair-wise Fisher’s linear discriminant method and identified genes that were signifi-
cantly differentially expressed between samples taken from peripheral or central parts of the tumours.
Finally, we evaluated the result of pooling biological samples to estimate the recommended number of
arrays and hybridisations for microarray experiments in this model. 
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broad range of settings, more recently including
cDNA microarray analysis for both tumour profil-
ing and monitoring the response to chemotherapeu-
tic agents or other experimental treatments. The
approach assumes homogeneity of multiple trans-
plants originating from the same parent tumour.
Our primary aim with this study was to estimate the
inherent biological variability of the xenograft
model system and to compare it to the variability in
the microarray technique. This knowledge will be
used to design experiments that provide high quali-
ty reproducible data by simultaneously decreasing
the costs and reducing the number of sacrificed
mice. We were particularly interested in the variati-
on between transplants in the same mouse, or in dif-
ferent mice, of transplants of varying size, and of
central and peripheral parts of the same tumour.
Vascularisation and growth rate is thought to be
higher in the tumour periphery than in central parts,
and might differ between larger and smaller
tumours. We wanted to determine to what extent
expression patterns would vary with position within
the tumour, as this could affect the sampling
technique and limit the tissue harvest. Furthermore,
we estimated the minimum number of arrays and
hybridisations required for experiments in our
mouse model, and evaluated whether it is advanta-
geous to pool several tumours from different mice
instead of replicating the experiment. 
A common way to estimate uncertainties caused by
different sources of variation, is to fit an Analysis of
Variance (ANOVA) -based statistical model to the
data. A typical model in the microarray setting
would include variables such as dye, array, gene and
appropriate interaction of these terms. Further vari-
ables would be included according to the experi-
mental setting, in our case variation caused by
tumour, mouse, size and position in tumour, and
interaction between these and the former variables.

Material and Methods
Animals
All procedures involving animals were performed
according to protocols approved by the Animal

Care and Use Committee at the hospital and in
compliance with the National Ethics Committee’s
guidelines on animal welfare and the Council
Directive of the European Communities on the pro-
tection of animals used for experimental and other
scientific purposes. 
Female nude mice (Balb/c: nu/nu, NCI) were bred
in our animal facility, weaned after 21 days and
maintained in a specific pathogen-free environment
at controlled temperature (21 +/- 0.5˚C) and humi-
dity (55-65 %) on an unreversed 12 hour light cycle
(light 0700-1900). Sentinels were tested according
to FELASA’s health monitoring recommendations.
Groups of maximal eight mice were kept in trans-
parent polypropylene cages (Tecniplast
Eurostandart type III, Scanbur BK, Nittedal,
Norway) on aspen chips bedding  (B&K Universal,
Hull, UK) with pelleted food (RM3, Special Diets
Services, Witham, UK) and acidified water suppli-
ed ad libitum. Morbidity was controlled for by daily
inspections focusing on behaviour, posture or weig-
ht loss; >10 % weightloss was a humane endpoint.
The animals were anesthetized by intraperitoneal
injection of 0.05-0.1ml of a solution containing
0.08 mg/ml fentanyl, 2.5 mg/ml fluanison (Janssen
Pharmaceutica, Beerse, Belgium) and 1.25 mg/ml
midazolam (Roche, Basel, Switzerland) during
transplantation and killed by cervical dislocation
before tumour harvest.

Tissue samples
A human leiomyosarcoma xenograft (LMS2x) was
established from a grade three intramuscular
tumour on the forearm by direct subcutaneous
transplantation to nude mice, five to seven weeks of
age, and maintained by serial passaging; latency
was 21 days. Histologically, the xenograft resem-
bles a spindle cell sarcoma consistent with a high
grade malignant leiomyosarcoma (Figure 1). A total
of nine tumour samples from six mice were analy-
sed (Table 1). A tumour was considered as small if
the volume was less than 750 mm3 (calculated by
the formula 0.5 x length x width2) and large if the
volume was more than 750 mm3. From mouse num-
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ber 3, two tumours (T3-I and T3-II) were available,
one from each flank of the mouse. Tumours T4 and
T5, from mice 4 and 5, were dissected into both
peripheral and central parts, and from tumour T6
only the peripheral parts were analysed. The tissues
were snap-frozen in liquid nitrogen immediately
after harvesting. 

RNA preparation and labelling
Total RNA was isolated using Qiagen RNeasy Midi
kit (Qiagen GmbH, Hilden, Germany) according to
the manufacturer’s instruction. Extracted RNA was

quantified by spectrophotometry and examined by
1 % agarose gel electrophoresis. Intact RNA was
then extracted twice in 1 ml TRIzol reagent (Life
technologies, Grand Island, NY). Xenograft tissue
from three different passages from the same sample
was combined and applied as a reference for the
microarray analysis. 

Cy3 and Cy5 labelled cDNA probes were prepared
using the CyScribe First Strand cDNA Labelling kit
(Amersham Pharmacia Biotech AB, Uppsala,
Sweden), mainly according to the manufacturer’s
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Figure 1. Histological section of LMS2x.
A) Whole tumour section; B) Vital tumour periphery; C) Necrotic tumour centre.

Table 1.
Samples from xenograft LMS2x 

Tumour Mouse Tumour Size tumour Samples Part of tumour
volume

T1 1 446 small T1 whole
T2 2 253 small T2 whole
T3-I 3 600 small T3-I whole
T3-II 3 488 small T3-II whole
T4 4 2601 large T4-per peripheral

T4-cen central
T5 5 850 large T5-per peripheral

T5-cen central
T6 6 926 large T6-per peripheral

Tumour volume in mm3
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instruction. Briefly, 30 µg of total RNA was mixed
with 1 µl anchored oligo-dT and 1 µl random nona-
mer primers, heated to 70 °C for 5 minutes and then
cooled to room temperature for 10 minutes to allow
the primers to anneal with the template. Reverse
transcription with incorporation of Cy3-dUTP and
Cy5-dUTP (Amersham Pharmacia) was done as
described in the manual. The reaction mixture was
incubated at 42 °C for 1.5 hours and then stopped
by adding 2.5 µl 0,5 M EDTA (pH = 8.0). Residual
RNA was hydrolysed by adding 5 µl 1 M NaOH and
incubated for 30 minutes at 65 °C. Ten µl of 2 M
HEPES was added to neutralize the reaction mixtu-
re. Micro Bio-Spin P-6 columns (Bio-Rad
Laboratories, Hercules, CA) were used to remove
unincorporated nucleotides. The Cy3- and Cy5-
labelled cDNAs were combined, 15 µg human Cot-
1 DNA (Gibco BRL) was added, and the sample
was concentrated using Microcon 30 columns
(Amicon, Millipore Corporation, Bedford, MA).

Hybridisation
The cDNA microarrays were produced in house
using a Micro Grid II robotic printer (Bio Robotics,
Cambridge, UK). Human cDNA arrays containing
thirteen thousand (13k) probes were printed on
amino-silane coated slides (CMT GAPS II,
Corning Life Sciences, Corning, NY), see
http://www.mikromatrise.no. All the slides used
were from the same print series. The hybridisation
solution (total 40 µl) consisted of the Cy3 and Cy5-
labeled cDNA, 3.5 x SSC (pH=7.5), 0.3 % SDS,
1.25 x Denhardt’s solution, 8 µg yeast tRNA and 16
µg poly dA (Amersham Pharmacia Biotech AB).
The final mixture was heated for 3 min at 100 °C
and spun down for 10 min at 12 000 g before it was
applied to a microarray slide under a Lifter Slip
cover glass (Erie Scientific Company, Portsmouth,
NH). The slide was then placed in an ArrayIT hybri-
dization chamber (Telechem, Sunnyvale, CA) and
submersed in a water bath for overnight hybridiza-
tion at 65 °C. The coverslip was removed in a solu-
tion of 2 x SSC and 0.1% SDS. The slide was was-
hed at room temperature in 1 x SSC for 5 minutes,

0.2 x SSC for 5 minutes and 0.05 X SSC for 2
minutes, and then dried by centrifugation. 

Imaging and data analysis
The hybridised slides were scanned with a
ScanARRAY 4000 (Packard Biosciences, Biochip
Technologies LLC, Meriden, CT), and the obtained
signal intensities were quantified with GenePix Pro
3.0 software (Axon Instruments Inc., Union City,
CA). A background-corrected intensity for each
spot was calculated by subtracting the median of the
pixels in the local background from the mean of the
pixels in the spot. We manually removed technical-
ly flawed spots and spots flagged by GenePix.
Finally, all spots where the spot intensity (uncorre-
cted foreground intensity) was smaller than the
median of the background intensity plus two times
background standard deviation were removed (i.e.
spot intensity < median [background intensity +
2x(standard deviation background)], in any of the
two channels (Wang et al., 2002). An overview of
the number of filtered genes is presented in Table 2.
The data were normalized using locally weighted
scatterplot smoothing (LOWESS), as described in
Yang et al. (Yang et al., 2002), and implemented in
the sma package in the statistical language R. This
routine normalized the ratios for each spot on each
array by subtracting a value s, depending on the
value of the log2-transformed total intensity of the
spot on the array. To identify genes that were signi-
ficantly differentially expressed between samples
taken from peripheral or central part of the tumours,
we used the pair-wise Fisher’s linear discriminant
(PFLD) method (Johnson & Wichern, 1998; Wang
et al., 2003). 

ANOVA-based statistical modelling and experi-
mental design
ANOVA-based statistical modelling is a means of
evaluating the source of variability and their intera-
ctions. We identified the following eight main effe-
cts or factors for the design: The RNA samples were
labelled red (Cy5) or green (Cy3), so the dye effect
(D) had two levels, one level when the computed
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ratio was red/green and one when the ratio was
green/red. The ratio is always the intensity for a
tumour sample divided by the intensity for the refe-
rence. We analysed material from six different mice
(M) and seven different tumours (T). Tumours were
classified as either large or small, i.e. the size (S)
effect had two levels. Material was taken from the
centre or the periphery of the tumour, i.e. the posi-
tion (P) effect had two levels as tissues from small
tumours were classified as being taken from the

periphery. Twenty-three different hybridisations (H)
were performed. RNA was labelled separately for
each hybridisation, except for one green and one
red labelling, which were used for three hybridisati-
ons (i.e. three labelling reactions were mixed). This
means that the labelling (L) effect had 21 levels. A
total of 11140 genes (G) remained after filtering
(each of these genes was present on at least one
microarray). For an overview of the experimental
design, see Figure 2.

Table 2. 
Filtering per array  

Sample Sample Genes Genes Additional Total number Number of
labeled with flagged by manually filtering1 of removed genes after

dye GenePix flagged genes filtering2

T1 Cy3 4839 26 3635 8500 4940
T1 Cy3 3018 29 2937 5984 7456
T2 Cy3 5741 12 3916 9669 3771
T2 Cy3 1578 42 1754 3374 10066

T3-I Cy3 6952 27 4368 11347 2093
T3-I Cy3 3279 39 3892 7210 6230
T3-II Cy3 1745 36 1725 3506 9934
T3-II Cy3 2281 47 3085 5413 8027

T4-per Cy3 3190 1 1316 4507 8933
T4-per Cy3 2026 7 1443 3476 9964
T4-cen Cy3 3046 32 3400 6478 6962
T4-cen Cy3 2690 30 3687 6407 7033
T5-per Cy3 5620 30 3534 9184 4256
T5-per Cy3 3040 23 3462 6525 6915
T5-cen Cy3 2556 16 2804 5376 8064
T5-cen Cy3 2844 18 3248 6110 7330
T6-per Cy3 3451 8 4327 7786 5654
T6-per Cy3 6764 12 3552 10328 3112
T6-per Cy3 4460 4 3654 8118 5322
T6-per Cy3 5185 12 3586 8783 4657
T6-per Cy5 4050 17 4441 8508 4932
T6-per Cy5 1916 55 2485 4456 8984
T6-per Cy5 1169 23 880 2072 11368

1 Minimum intensities for Cy3 and Cy5 channels: median [background intensity + 2 x (standard devia-
tion background)]
2 Total number of genes: 13440 
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The ANOVA-based linear mixed-effects model
To investigate the different sources of variability,
we set up an ANOVA-based statistical model.
(Related models are found in Kerr et al., 2000,
Wolfinger et al., 2001, Jin et al., 2001 and in
Nygaard et al., 2003).
Let ymtsplhdg denote the log2-ratio for gene g in hybri-
disation h. The material used is from labeling l, for
which dye Cy5 and Cy3 have been chosen accor-

ding to the value of d. The mouse material was
taken from position p in tumour t in mouse m. This
tumour has size s. We explain the calculated log2-
ratio by the following linear mixed-effects model: 
ymtsplhdg = µ + (-1)d D + (-1)s S + (-1)p P + Mm + Tt + Ll

+ Hh + Gg + (-1)d DGg + (-1)sSGg + (-1)p PGg + MGmg

+ TGtg + LGlg + HGhg + εmtsplhg

where m=1,...,6, t=1,…,7, s = 1 (small) or 2 (large),
p = 1 (peripheral) or 2 (central), l = 1,…,21,
h=1,…,23, d=1 if the ratio is red/green, and 2 if
green/red, and g=1,…,11140. µ is the overall mean.
Mm, Tt, Ll, and Hh are the overall effects of mouse m,
tumour t, labelling l, and hybridisation h, respecti-
vely.  The overall dye effect of dye d is -D when
d=1, and D when d=2. Similarly, for the size effect
S and s, and for the position effect P and p.
Furthermore, MGmg, TGtg, LGlg and HGhg, are the
gene-specific mouse, tumour, labelling and hybridi-
sation effects, respectively. The gene-specific dye
effect is -DGg when d=1, and DGg when d=2.
Similarly, for the gene-specific size effect SGg and
s, and for the gene-specific position effect PGg and
p. 
Only µ, D, S and P were modelled as fixed effects.
All others effects and interaction effects were
modelled as independent normally distributed rand-
om effects with zero mean and constant standard
deviation. This means that Mm � N(0,σM

2), Tt �
N(0,σ T

2), and similar for all the other random effe-
cts. Also the modelling and measurement error is
assumed to be normally distributed with zero mean
and constant variance, i.e. εmtsplhg � N(0,σ ε

2 ). Due to
the large dimensions in the mixed-effects model, we
estimated the parameters of interest (the fixed effe-
cts and the variances of the random effects) using
Gibbs sampling. Gibbs sampling is an iterative
simulation method, which is a particular algorithm
in a wider class of such algorithms, named Markov
chain Monte Carlo methods (Gilks et al., 1996;
Robert & Casella, 1999). Follestad et al. (2004)
give further details and a description of the C-pro-
gram used for estimating the model parameters (the
C-program is available from Follestad et al. (2004),
on request).
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Figure 2. Experimental design of the 23 hybridisa-
tions
Two separate microarray assays were performed for
each sample. The samples were labelled with Cy3-
dUTP and the reference with Cy5-dUTP. One sam-
ple (T6-per) is represented by seven arrays. The
labelled cDNA probes were mixed before applying
to three slides (T6-per). For three other hybridisati-
ons (T6-per-rev), the labelling scheme was reversed
to control for dye-based bias.
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Having estimated the standard deviations of the
random effects, these estimates could be used for
computing the uncertainty of the ratios obtained
from one hybridisation using material from one
tumour. To obtain ratios with less uncertainty we
could take the average of calculated log2-ratios for
the same spot on different arrays.

Experimental design and effect of pooling
Another way of reducing gene expression uncerta-
inty in xenograft experiments and minimize the
effect of biological variation, is to pool RNA from
several tumours into one sample. Based on the pre-
sent experimental data and the defined model, we
have evaluated whether it is advantageous to reduce
the number of experiments by pooling RNA from
several xenografts. We will only consider experi-
ments where a reference is used, where the referen-
ce is always labelled with the same dye, and where
material is always taken from the periphery of the
tumour. Consequently, the standard deviations con-
cerning dye and position are left out from the for-
mulas given below. We also leave out the standard
deviations concerning size because it turned out
that size is not an important effect (see the Results
section). In the experimental designs sketched
below, let nM be the number of mice contributing to
each biological sample. Let nH be the number of
hybridisations in the design and nS the number of
biological samples used. We allow nS = 1or nH, i.e.
either a common sample is used for all arrays or one
sample is used for each hybridisation. Let nL be the
number of labelling with each dye in the design. We
allow nL = nH or nS, i.e. either one labelling of each
sample or one labelling for each hybridisation. The
log2-ratio for each spot is found by averaging the nH

log2-ratios for this spot. The standard deviation for
biological variation, after pooling of material from
several mice, σ2

sample,nM, is then found by the following
simulation: 
Compute the square root of the sample variance of,
b1,...,b100000 where

and where mi,k, mgi,k, ti,k and tgi,k,  are random num-
bers drawn from N(0,σ2

M), N(0,σ2
MG), N(0,σ2

T) and
N(0,σ2

TG), respectively. The standard deviation for
the log2-ratios obtained by averaging replicates will
then be 

σ2
total,nM ,nS ,nL ,nH =

Results and Discussion
Experimental outline
The main objective of the current study was to
investigate the biological and experimental variabi-
lity of the expression profiles of xenograft trans-
plants. Global gene expression was examined in
nine samples from seven tumours originating from
the same leiomyosarcoma xenograft as outlined in
Table 1. Figure 2 presents an overview of the expe-
rimental design for the 23 hybridisations. Two sepa-
rate microarray assays were performed for each
sample where the test sample was labelled with
Cy3-dUTP and the reference with Cy5-dUTP. One
sample (T6-per) is represented by seven arrays. For
three hybridisations, the labelling scheme was
reversed to control for dye-based bias. For three
other slides, the labelled cDNA probes were mixed
before applied on three separate slides, to be able to
distinguish between the gene expression variation
introduced by the process of either labelling or
hybridisation. Data from the 23 cDNA microarray
hybridisations were analysed as described in
Material and Methods. 

The ANOVA-based linear mixed-effects model
An ANOVA-based model was constructed to inves-
tigate the sources of variation and how they contri-
bute to changes in gene expression values. We eval-
uated the variations in expression profiles between
transplants from the same or different mice, of
varying size or from central and peripheral parts of

σ2
sample,nM          σ� 2

L σ� 2
H σ� 2

LG σ� 2
HG σ� 2

ε

nS                     nL            nH           nL              nH             nH

nM

∑2
m

i,k
+mg

i,k
+t

i,k
+tg

i,k

bk=log2 ( i=l                                       )
nM
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the same tumour. Furthermore, we analysed experi-
mental variables influencing gene expression like
dye (Cy3 or Cy5), the labelling of the probe and the
hybridisation. The estimates for the standard devia-
tions of the random effects in the model are presen-
ted in Table 3. The standard deviation of mouse,
tumour, labelling and hybridisation effects are (as
expected) small, because the data have been norma-
lised. The test and the reference in each hybridisati-
on were samples from the same xenograft, and con-
sequently the gene effect σG is low too (0.013). The
modelling and measurement error, σE, was modera-
te. 
The estimated variability in gene expression caused
by the labelling (σLG ) is moderate (0.123), indica-
ting that labelling efficiency in the reverse trans-
cription reaction and further handling of the probe
contributes to a small level of variability. This
emphasizes the importance of performing replicate
experiments (see below for calculation of number
of replicates needed). The estimated gene-specific
variability caused by hybridisation (σHG) is low
(0.013), showing that the process of hybridisation
itself or differences of the arrays do not contribute

much to variability. σLG is considerably more impor-
tant than σHG, demonstrating that gene expression
varies more with labelling than with array and
hybridisation. However, others have shown that
even the spot itself is subject to substantial variabi-
lity and have emphasized the need for experimental
replication to achieve reliable gene expression valu-
es (Lee et al., 2000).

The most prominent factor contributing to variation
in gene expression is switching of dyes (σDG =
0.423). It is known that polymerases introduce
modified nucleotides with different efficiency
dependent on the sequence context, and different
enzymes are more or less affected by the steric effe-
cts of the Cy5 or Cy3 labelled nucleotides. For the
generation of Cy3 and Cy5 labelled cDNA probes,
we used the CyScript reverse transcriptase. In a
related study performing direct labelling with
superscript reverse transcriptase, the estimated
standard deviation of the gene and dye interaction
was small (Nygaard et al., 2003). Indirect labelling
methods, where e.g. biotin is used to label the nuc-
leotides and the fluorochromes are bound to biotins

Table 3.
Results for the linear mixed-effects model. Estimated standard deviations with 95% symmetric credibili-
ty intervals (C.I.)

Parameter Description Estimate (95% C.I.)

σM Mouse 0.047 (0.019, 0.109)
σT Tumour 0.050 (0.021, 0.109)
σL Labelling 0.033 (0.018, 0.056)
σH Hybridisation 0.035 (0.018, 0.060)
σG Gene 0.013 (0.010, 0.017)
σMG Gene expression varies with mouse 0.147 (0.145, 0.150)
σTG Gene expression varies with different tumours 0.128 (0.125, 0.131)

from the same mouse
σSG Gene expression varies with size of tumour 0.018 (0.013, 0.024)
σPG Gene expression varies with position in tumour 0.092 (0.089, 0.095)
σLG Gene expression varies with labelling 0.123 (0.120, 0.126)
σHG Gene expression varies with hybridisation and array 0.013 (0.010, 0.018)
σDG Gene expression varies with dye 0.423 (0.419, 0.428)
σε Error 0.130 (0.128, 0.132)
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after enzymatic incorporation, can be applied to
overcome this problem. 
Few studies have investigated variations in global
gene expression between multiple transplants from
the same cell-line. For the xenograft LMS2x, our
results show that the estimated standard deviation
of the interactions between gene and mouse σMG

(0.147) and gene and tumour σTG, (0.128) are
modest. This indicates that a low level of variation
in expression profiles can be expected between
tumours originating from this xenograft, even if
they are derived from the same mouse. The obser-
ved biological differences between the xenografts
are small, but still imply that biological replicates
are essential to obtain convincing data (Chen et al.,
2004; Yang & Speed, 2002), preferably using sam-
ples from different animals.
The gene expression did not vary significantly with
size of the tumour (σSG = 0.018). However, the ana-
lysis indicates that the position in tumour, either
centre or peripheral, has a moderate influence on
gene expression variability (σPG = 0.092).
Xenografts are known to display heterogeneous
vascular densities including avascular areas
(Konerding et al., 1999), and an inverse correlation
between tumour size and necrosis has been reported
(Harrington et al., 2000). We observed necrosis in
all but very small tumours (<250 mm3), covering a
substantial part of larger tumours, more predomi-
nant in the tumour centre but also in its periphery
(Figure 1). Thus, the histological findings support
the results obtained for the linear mixed-effects
model, and indicate that it is not essential for gene
expression studies in the present xenograft-model,
to select tumours of identical size or from a speci-
fic part of the tumour.

Differentially expressed genes in peripheral and
central part of xenografts
Even if the differences in expression profiles are
small between the outer and inner parts of these
xenografts, we expected to find a limited number of
genes with altered expression within samples taken
from peripheral or central parts of the tumours. We

thus searched for genes that could discriminate
between these parts of the tumours using the pair-
wise Fisher’s linear discriminant (PFLD) method
and found 60 genes to be differentially expressed.
Here, we present the log2-ratios of the 15 most sig-
nificant genes (Figure 3). One of the most signifi-
cantly differentially expressed genes in our PFDL
analysis was COL3A1, coding for type III procolla-
gen alpha. Collagens are extracellular structural
protein involved in formation of connective tissue,
and it has been suggested that type III collagen is
important for the development of skin and the car-
diovascular system (Liu et al., 1997). We found hig-
her expression of COL3A1 in the peripheral secti-
ons compared with central, and we can only
speculate if this difference is caused by less vascu-
lar activity in central parts. In another gene expres-
sion study, COL3A1 was the most upregulated gene
in advanced carcinomas compared to local carcin-
omas (Tapper et al., 2001). Hypoxia has been sug-
gested to result in a more metastatic phenotype
(Brizel et al., 1996), and this observation could be
related to this phenomenon. Increased expression of
fibroblast growth factor 2 (FGF2) was found in
peripheral parts compared to central part.
Interestingly, it was demonstrated that hypoxic
endothelial cells had an increased responsiveness to
FGF2 due to a HIF-1α-dependent increase in
FGF2-binding heparan sulphate sequences (Li et
al., 2002). Gamma-aminobutyric acid A receptor,
gamma 2 (GABRG2) was also found to be overex-
pressed in peripheral parts. GABAA receptors medi-
ate synaptic inhibition in the mammalian brain and
have been detected on non-neuronal cells including
the uterus (Hedblom & Kirkness, 1997) and breast
cancer (Jiang et al., 2002), but their role in the lat-
ter systems remain unclear.

As seen in Figure 3, even genes selected for signi-
ficant expression displayed only minor change,
indicating that the various parts of these xenografts
are quite similar with regard to gene expression. If
we assume that the central part of the tumour is
more oxygen-deprived, hypoxia will alter gene
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expression to improve blood supply, to adapt meta-
bolism, and protect against cellular damage.
Several pathways are known to be regulated by
hypoxia, including angiogenesis, glycolysis, growth
factor signalling, immortalisation, genetic instabili-
ty, tissue invasion and metastasis, apoptosis and pH
regulation. The key transcription factor affecting
gene regulation is hypoxia-inducible factor-1α
(HIF-1α) (Wang et al., 1995), which can activate
several genes, including vascular endothelial
growth factor (VEGF), which promotes angiogene-
sis; solute carrier family 2 (facilitated glucose
transporter member 1) (SLC2A1), which activates
glucose transport; lactate dehydrogenase (LDHA),

which is involved in the glycolytic pathway; and
erythropoietin (EPO), which induces erythropoiesis
(Harris, 2002). None of these most known hypoxia-
induced genes was identified in our PFLD analysis.
However, considerable variation in the gene expres-
sion levels of both VEGF and SLC2A1 was found
between the different xenograft samples.
Interestingly, the lowest level of expression of these
genes was found in T4-per and T5-per, two periphe-
ral samples, and T4-cen and T5-cen showed higher
levels (Figure 4). The gene expression of both HIF-
1α and LDHA was stable between the various sam-
ples, and EPO was not present on the arrays. 

Figure 3. Overview of genes discriminating between the peripheral and central parts of the tumours 
A presentation of the 15 most differentially expressed genes from the central and peripheral parts of the
xenografts is given. The genes are listed with decreasing score. The log2-ratio intensities are as indicated
to the left, red colour boxes represent genes with higher expression in the sample than in the reference and
green boxes represent reduced expression compared to the reference. 
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In a previous report, a few differentially expressed
genes were found in central and peripheral parts of
a leiomyosarcoma patient sample (Shmulevich et
al., 2002). However, none of these differentially
expressed genes showed significant changes in our
samples. Minimal intratumour variations were
found with gene expression profiling. In another
study, core biopsies from a Ewing sarcoma xeno-
graft and a neuroblastoma xenograft and corre-
sponding excision biopsies were shown to have
conserved expression profiles (Sotiriou et al.,
2002). These authors suggested that even if small
differences between individual genes exist, the
composite expression of the core biopsies is repre-
sentative of the entire tumour.

Experimental design and effect of pooling
One approach to reduce gene expression uncertain-
ty in xenograft experiments and to minimize the
effect of biological variation is to pool RNA from

several tumours into one test sample. Studies have
revealed that pooling of biological samples is stati-
stically valid, and that appropriate RNA pooling can
provide equivalent power and reduce the costs of
microarray experiments (Kendziorski et al., 2003;
Peng et al., 2003). It has been suggested that poo-
ling is particularly advantageous if the biological
variation is high compared to the technical variati-
on on the arrays (Kendziorski et al., 2003). Based
on the present experimental data and the defined
model, we have evaluated if it is advantageous to
reduce the number of experiments by pooling RNA
from several xenografts (see Material and Methods
for more details). Here we consider some selected
designs, comparing the effect of pooling various
numbers of tumours and performing replicate
hybridisations (Figure 5). The estimated standard
deviation of the log2-ratio for any gene analysing
one tumour on one array is 0.277. By examining
three tumours by three arrays without pooling, 
the standard deviation is considerably reduced
(0.160). In comparison, by pooling the three sam-
ples and performing three hybridisations, standard
deviations are identical (0.160). Performing six
hybridisations generates a standard deviation at 
a similar level as without pooling using three
tumours and duplicate experiments (six arrays).
However, if five tumours are pooled and six hybri-
disations performed, the standard deviation is redu-
ced to 0.120.
In general, to obtain a low standard deviation and
simultaneously reduce the number of arrays, the
number of tumours included in the pool should be
increased. For example, if eight tumours are pooled,
three hybridisations will give an estimated standard
deviation of 0.130 and a better reproducibility com-
pared to three tumours hybridised separately but in
duplicate (0.141). In most cases, this is not a reali-
stic design, as too many animals have to be sacrifi-
ced. However, this analysis shows that if many
tumours are available, they should be included and
pooled. 

HIF1A

LDHA

VEGF

SLC2A1

peripheralcentral

T4-per T5-perT4-cen T5-cen

4

3

2

1

0

-1

-2

-3

-4

Figure 4. Gene expression of specific genes invol-
ved in hypoxia between peripheral and central part
of tumour. 
The log2-ratio intensities are as indicated to the left,
red colour boxes represent genes with higher
expression in the sample than in the reference and
green boxes represent reduced expression compa-
red to the reference.
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Conclusions
The statistical analysis revealed that both experi-
mental and biological factors represent a conside-
rable cause of variation in microarray hybridisation
experiments, confirming the need for both biologi-
cal and technical replicates. The most prominent
parameter contributing to variability in the expres-
sion profiles was the dye, showing that our labelling
method has a profound effect on the results.
Selecting tumours of identical size or samples with
a specific tumour position is not essential when per-
forming gene expression studies in the xenograft
model LMS2x. However, when interpreting expres-
sion array data in the model, it should be conside-

red that a small number of genes are affected by
tumour heterogeneity. Pooling of biological sam-
ples can be favourable to counteract this phenome-
non.
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Figure 5. Effect of pooling biological samples
The figure presents the estimated standard deviations for the log2-ratios in various experimental designs.
The effect of pooling, increasing the number of biological samples or including more arrays is illustrated.
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