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Abstract Laser capture microdissection (LCM) permits isolation of pure cell populations from which RNA can be
extracted, amplified, and subjected to microarray analysis, allowing information to be obtained on the gene expression
profile of defined cell types. To avoid amplification artifacts and detect genes expressed at different levels, it is important to
optimize the choice of both RNAamplification step andmicroarray platform.We captured by LCM the same colon cancer
biopsy and conducted a cross comparison of distinct RNA amplification methods and different chip platforms. We tested
two RNA amplification methods with different chemistry: the one-cycle OvationTM system (NuGEN) and the two-cycle
Ribo OATM method (Arcturus). We also compared two different whole genome platforms, based on Affymetrix
technology: the U133 plus 2.0 and the X3P array, with probe sets closer to the 30 end of transcripts. After RNA
amplification, microarray analysis, and data normalization, we investigated reproducibility and correlation of different
methods and arrays.Our results indicate that the Arcturus RiboOAmethod is superior for both array choices, especially in
combination with X3P arrays, showing the lowest variance and Spearman correlation of 0.986. The quicker NuGEN
procedure, when coupledwith X3P arrays, also yielded excellent results (correlation of 0.951). These observationswill be
useful for planning large-scale analyses of LCM-dissected clinical samples. J. Cell. Biochem. 103: 556–563, 2008.
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Microarray technology can provide large
amounts of information about cellular gene
expression for both normal and diseased states.
However, cellular heterogeneity of the tissues
very often presents a challenge to gene expres-
sion profiling of specific cell types. For example,
neoplastic tissue samples are usually contami-
nated with surrounding stroma cell types or
infiltrating lymphocytes (as a result of the

immune response in vivo). The heterogeneity
in tissues, which physiologically contain differ-
ent proportions of many cell types, may con-
taminate the gene expression measurements,
and in turn significantly confound statistical
analysis. Thus, sample heterogeneity can result
in the identification of differentially expressed
genes that may be unrelated to the cell type
being studied or in the identification of irrele-
vant genetic changes [Lahdesmaki et al., 2005].

Laser capture microdissection (LCM) is an
emergent technique that can be used to obtain
purified cell populations from the most hetero-
geneous tissue, and therefore derive precise
information on the gene expression profile of
defined cell types. By using LCM it is possible to
identify normal or pathologic cells of interest,
which are subsequently captured using a laser-
based technology. This approach has been very
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successful in DNA based studies, because of
the high stability of DNA. However, microarray
studies require RNA, which is less stable than
DNA and it is much more challenging to avoid
degradation during the dissecting process
[Wang et al., 2006].
Intrinsic characteristics of LCM allow isola-

tion of only small amounts of total RNA
(generally a few nanograms for each sample),
thus rendering necessary anRNA amplification
step prior to microarray analysis [Upson et al.,
2004; Luzzi et al., 2005; McClain et al., 2005;
Schindler et al., 2005]. In fact, higher quantities
are generally required to perform hybridization
on arrays, starting from a few micrograms to
many micrograms, depending on protocols and
arrays.
It is therefore important to optimize the

choice of both the RNA amplification step and
microarray platform, in order to detect low-
expression genes and avoid artifacts. To date,
several groups have conducted detailed com-
parisons of different RNA amplification meth-
ods [Goff et al., 2004; Upson et al., 2004].
However, there are no data presently in the
literature on the cross comparison between
different methods for sample amplification
combined with different microarray platforms,
leaving the choice of the optimal combination of
amplification protocol and array type an open
problem.
In this article,we processed replicate samples

laser-captured from the same colon adenocarci-
noma biopsy with two RNA amplification meth-
ods characterized by completely different
biochemistry, the one-cycle OvationTM biotin
system (NuGEN), and the two-cycle Ribo OATM

amplification kit (Arcturus). RNA amplified
with the NuGEN and Arcturus amplification
systems was hybridized to two different array
platforms covering the whole genome, both
based on Affymetrix technology: the U133 plus
2.0 and the new generation array X3P, which
has been designed with probe sets closer to
the 30 end (within 300 bases) of the transcripts
(the purpose of the new array is to improve the
gene expression profiling of partially degraded
RNAs,whichare very often obtainedafterLCM,
for example, from paraffin-embedded samples).
For the replicates of different combinations

of amplification protocol and array type, we
obtained measurements of reproducibility and
correlation. This led us to formulate a recom-
mendation on the optimal combination of ampli-

fication method and microarray platform for
analysis of LCM-derived RNAs. These observa-
tionswill beuseful for planning future studies of
LCM-dissected clinical samples.

METHODS

LCM, RNA Extraction, and Amplification

A colon cancer biopsy collected during sur-
gery conducted atFoxChaseCancerCenterwas
snap-frozen and subsequently processed for
cryo-sections. Sections were placed on slides,
fixed, and stained with hematoxilin and eosin
according to standard protocols. A total of
120 crypts, corresponding approximately to
1,200 cells [Upson et al., 2004], were collected
for each section using LCM (Fig. 1). Cells were
incubated 1 h at 428C in 50 ml of extraction
buffer, then used for RNA extraction according
to PicoPure (Arcturus) RNA isolation kit proce-
dures. From each dissection of 120 crypts,
approximately 1 ng of total RNA was obtained,
in agreement with previous studies [Upson
et al., 2004] and immediately treated with
RNAse-in (Arcturus).

RNA samples were prepared from several
dissections and checked for quality on the
Agilent 2100 Bioanalyzer. Eight samples that
showed presence of distinct peaks correspond-
ing to intact 28S and 18S ribosomal RNAs were
included in the analysis, while the others were
discarded (Fig. 2). In order to ensure exactly the
same starting conditions prior to processing for
amplification andhybridization onto arrays, the
eight RNA samples were pooled together and
then aliquoted. To render our analysis statisti-
cally significant, we performed four replicates
with NuGENOvationTM biotin system and four
with Arcturus Ribo OATM.

With the NuGEN protocol, RNAs were
reverse transcribed to cDNAs, then they were
amplified during the so-called SPIA amplifi-
cation, a linear isothermal DNA amplification
process [Dafforn et al., 2004], and finally
amplified products, consisting of single-strand
DNA (ssDNA), were biotin labeled and frag-
mented according to the manufacturer’s guide-
lines. Yields of amplified products for the four
samples processed with the NuGEN protocol
were: 4.7, 4.5, 4.3, and 5.3 mg.

Four samples were processed with the
Arcturus Ribo OATM, a T7 RNA polymerase
based technology, following the manufacturer’s
recommendations. Briefly, after two rounds of
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reverse transcription separated by one cycle of
RNA amplification by T7 RNA polymerase-
based in vitro transcription [Phillips and
Eberwine, 1996; Wang et al., 2000; Feldman
et al., 2002], a second in vitro transcription, that
generates labeled amplified RNA (aRNA), was
conducted with Affymetrix reagents from the
one-cycle kit. Yields of amplified products for
the four samples processed with the Arcturus
Ribo OATM protocol were: 98, 90, 89.2, and
104.9 mg.

Multiple intermediate steps, from the start-
ing total RNA to the final hybridization product,
were checked for quality on the Agilent 2100
Bioanalyzer, including ssDNA after cleanup

and after fragmenting (for NuGEN processing),
as well as aRNA from the second round of
amplification, before and after cleanup, and
fragmented-labeled final aRNA (for Arcturus
processing).

Hybridization and Microarray Analysis

A total of 2.2 mg of ssDNA labeled and
fragmented with the NuGEN kit was used
for each sample in the hybridization reaction.
The hybridization cocktails were prepared
according to the manufacturer instructions,
using 2.2 ml of acetylated BSA 50 mg/ml, 2.2 ml
herring sperm DNA 10 mg/ml, 22 ml 100%

Fig. 1. A colon adenocarcinoma cryo-section before (A) and after (B–D) laser capture. Captured cancer
cells are in (D).

Fig. 2. Quality control of the integrity of LCM-derivedRNAs prior to amplification.A: Plots of Fluorescence
Units versus time (in seconds), and B: gel-like image, depicting the electrophoretic runs on the Agilent 2100
Bioanalyzer. Sample in lane 1 shows evidence of degradation whereas samples in lanes 2–6 show distinct
peaks corresponding to intact 28S and 18S ribosomal RNAs.

558 Caretti et al.



DMSO, 11 ml 20� eukaryotic hybridization
controls (bioB, bioC, bioD, cre) and 3.7 ml control
oligonucleotide B2 3 nM, 110 ml 2� hybridiza-
tion buffer and water to a final volume of 220 ml.
Hybridization cocktails were denaturated at
998C for 2min, thenplaced at 458C for 5min and
finally spun at 14,000 rpm for 5 min before
loading them on arrays. A total of 200 ml of the
hybridization cocktails was loaded on arrays
after a short GeneChip pre-hybridization in 1�
hybridization buffer for 10 min in a rotating
oven at 458C and 60 rpm. Hybridization lasted
18 h in a rotating oven at 458C and 60 rpm.
aRNAs obtained with Arcturus two-round

amplification and labeled with Affymetrix one-
cycle in vitro transcription were fragmented at
958C for 30 min in a fragmentation buffer
(Affymetrix module for sample cleanup). Fif-
teen micrograms of each sample were used
for hybridization cocktail preparation, which
includes the same components as the cocktail
prepared for NuGEN samples, with the only
differences being in the amount of the sample
(15 mg instead of 2.2 mg) and the suggested total
volume (300 ml instead of 220 ml). Hybridization
cocktails were denatured at 998C for 5 min
(instead of 2 min for NuGEN), then placed at
458C for 5minandfinally spunat 14,000 rpm for
5 min before loading them on arrays. The pre-
hybridization step was conducted in the same
way as described above and then the hybridiza-
tion cocktail (200 ml) was loaded onto the
Affymetrix arrays. Hybridization lasted 16 h
in a rotating oven at 458C and 60 rpm.
After hybridization, cocktails were removed

fromarraysand the latterwere completelyfilled
with Wash A solution (Affymetrix). They were
subsequently washed inside the Affymetrix
Fluidic Station FS-450 with non-stringent
Wash A and stringent Wash B solutions. They
were then stained with antibody solution (2mg/
ml BSA, 0.1 mg/ml goat IgG stock, 3 mg/ml
biotinylated antibody, 300 ml 2� stain buffer
and 266.4 ml water) and SAPE solution (2mg/ml
BSA, 10 mg/ml streptavidin phycoerythrin,
600 ml 2� stain buffer and 540 ml water). The
fluidic scripts for 11 mm feature size array used
were EukGE-WS2-v4 for all arrays loaded with
ssDNA obtained with NuGEN, while EukGE-
WS2-v5 for arrays loaded with aRNAs gener-
ated with Arcturus RiboOA and labeled with
Affymetrix IVT. Finally, arrays were placed
inside the Affymetrix GeneChip Scanner 3000
for data acquisition. To rule out the possibility

of problems during hybridization, we evaluated
internal controls (signals for b-actin and
GADPH), mean signal intensities and back-
ground values.

RESULTS

We studied the quality and reproducibility of
signal intensities fromAffymetrixU133plus 2.0
and X3P arrays, each using two different RNA
amplification kits, NuGEN and Arcturus. Gene
expressionmeasurements were obtained from a
colon sample for each array-kit combination.
There were eight technical replicates in all, two
for each combination. The U133 plus 2.0 array
contains 54,675 probe sets while the X3P array
contains 61,359 probe sets. The raw CEL files
for replicates across the two kits from each
array type were pre-processed using RMA
[Irizarry et al., 2003] as well as Affymetrix’s
MAS5 algorithm.We obtainedM versus A plots
for the two replicates within each array-kit
combination to assess data quality. Here, M is
the difference in log2 expression values and A is
the average of log2 expression values [Dudoit
et al., 2002]. In essence, we plot the variability
in replicate observations versus mean intensity
on the log2 scale. An M versus A plot for
normalized data should show a point cloud
about the M¼ 0 axis. These are shown in
Figure 3(A–D) for RMA-processed data and
Figure 4(A–D) for MAS5-processed data, along
with the corresponding normalization curve
fitted using LOWESS [Cleveland and Devlin,
1988]. In each case, we see a point cloud roughly
symmetric about theM¼ 0 axis suggesting good
data quality. We also observe that the varia-
bility (range of the M scale) is consistently
higher for MAS5-processed data relative to
RMA.

For replicates in each array-kit combinat-
ion, we assessed the reproducibility of the
data using Spearman’s rank correlation and
‘‘tightness’’ of data, measured as the proportion
of probe sets that arewithin 30%of each other in
magnitude. For both RMA- and MAS5-pro-
cessed data, the X3P-Arcturus combination
resulted in the highest correlation indicating
high reproducibility. Tables I and II present
these measures, respectively, for RMA pro-
cessed data and for MAS5-processed data for
each combination.

Additionally, we utilized the call information
obtained from Affymetrix’s MAS5 software for
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the two replicates in each array-kit combina-
tion. The X3P-NuGen combination gave the
highest mean percentage of ‘‘Present’’ calls
(i.e., expressed genes) (48.01%) followed by
X3P-Arcturus (44.54%). We measured the con-
cordance in calls between replicates using
Kendall’s tau measure. A value close to unity
in magnitude indicates high concordance in the
pairs being compared. The X3P-Arcturus com-
bination resulted in the highest concordance in
calls. Tables III and IV present the percentage
of ‘‘Present’’ calls and Kendall’s tau, respec-
tively, for each array-kit combination.

We also compared the expression profiles
between NuGen and Arcturus in terms of
Spearman’s rank correlation. We computed
these correlations using both RMA as well as
MAS5 pre-processed data for all probe sets and
each array type. In all cases, the correlation
between the mean intensities was around 0.8.
The range of correlations between the replicates
as well as the correlation of mean intensities
between replicates for each case aredisplayed in
Table V.

Based on these analyses, our results have
been unidirectional, indicating best data qual-
ity as well as the highest reproducibility using
the X3P array and the Arcturus kit. This is
corroborated by the consistency of our results
across the two pre-processing methods applied.

DISCUSSION

Laser capture microdissection is an innova-
tive technology developed a decade ago. It has
been described as a rapid one-step procurement
under direct microscopic visualization of select-
ed human cell populations from a section of
complex, heterogeneous tissue [Emmert-Buck
et al., 1996].

Its application in microarray studies is even
more recent and during the last couple of years
it has greatly increased, generating a remark-
able body of literature very quickly.

LCM and microarrays together have demon-
strated to be a very useful tool to study gene
expression in many different cancer types, such
asbreast cancer [Cowherdet al., 2004] or gastric

Fig. 3. MA plots obtained with RMA-processed data. A: NuGEN-U133 plus 2.0, (B) NuGEN-X3P,
(C) Arcturus-U133 plus 2.0, and (D) Arcturus-X3P.
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cancer [Espina et al., 2004]. A premium feature
of all these studies is the ability to perform
microarrays on pure cell populations increasing
accuracy and data quality.
Recently, LCM has been associated with

other techniques such as proteomics [Cowherd

et al., 2004; Espina et al., 2004; Wu et al.,
2005] or immunohistochemistry (immuno-LCM)
[Buckanovich et al., 2006]. In this case,
immuno-LCM has been used to purify specific
cell populations from the tumor microenviron-
ment, investigating molecular events within

TABLE I. Spearman’s Rank Correlation Between Replicate Samples
From RMA- and MAS5-Processed Data

Correlation (Spearman)

RMA MAS5

U133 plus 2.0 X3P U133 plus 2.0 X3P

NuGEN 0.882 0.951 0.852 0.880
Arcturus 0.980 0.986 0.878 0.900

Fig. 4. MA plots obtained with MAS5-processed data. A: NuGEN-U133 plus 2.0, (B) NuGEN-X3P,
(C) Arcturus-U133 plus 2.0, and (D) Arcturus-X3P.

TABLE II. ‘‘Tightness’’ of Data Between Replicate Samples From
RMA- and MAS5-Processed Data

Tightness of replicates (30%)

RMA MAS5

U133 plus 2.0 X3P U133 plus 2.0 X3P

NuGEN 67.4 73.7 26.1 38.0
Arcturus 86.9 90.8 36.1 35.0

Microarrays and Laser Capture Microdissection 561



specific cellular compartments in the tumor
microenvironment.

Due to the increasing number of applications
of LCM in many fields, it is important to
evaluate different methods for sample proces-
sing and to compare different platforms, in
order to establish the more reproducible and
less variable protocol for microarray analysis of
LCM material.

CONCLUSION

In our test conducted on replicate LCM-
derived samples, Arcturus Ribo OATM amplifi-
cation protocol performed better than NuGEN
OvationTM biotin system giving a correlation of
0.986 in combination with X3P arrays and of
0.980 in combinationwithHumanU133plus2.0
arrays, while NuGEN achieved values of 0.951
and 0.882, respectively. We also demonstrated
that the X3P arrays performed better in every
combination analyzed and we can argue that
this higher performance might be even more
remarkable for LCM-derived poor quality
RNAs. While the Arcturus Ribo OA method
appears to be superior in both array choices, the
quicker and, at the moment, more expensive
NuGEN procedure when coupled with X3P
arrays yielded excellent results. This should
be taken into account when time considerations
are deemed of higher priority than overall
quality and cost. Future comparisons with
additional platforms, such as the oligonucleo-
tide-based arrays from Agilent and other com-

panies, will allow a determination of the best
system for microarray analysis of LCM mate-
rial.

Finally, RMA is a pre-processingmethod that
includes background correction, normalization
and summarization. The normalization part of
the procedure takes into account the informa-
tion from all arrays so that inter-array compar-
isons can be made. The scaling approach used
in the MAS5 algorithm does not account for
inter-array variability.

In summary, we believe that the present
article provides a useful benchmark for optimi-
zation of RNAamplification, array platformand
statistical analysis for LCM-based microarray
studies.
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