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Great advances in analytical technology coupled with accelerated new drug development and growing

understanding of biological challenges, such as tumor heterogeneity, have required a change in the focus for

biobanking. Most current banks contain samples of primary tumors, but linking molecular signatures to

therapeutic questions requires serial biopsies in the setting of metastatic disease, next-generation of

biobanking. Furthermore, an integration of multidimensional analysis of various molecular components, that

is, RNA, DNA, methylome, microRNAome and post-translational modifications of the proteome, is necessary for

a comprehensive view of a tumor’s biology. While data using such biopsies are now regularly presented, the

preanalytical variables in tissue procurement and processing in multicenter studies are seldom detailed and

therefore are difficult to duplicate or standardize across sites and across studies. In the context of a biopsy-

driven clinical trial, we generated a detailed protocol that includes morphological evaluation and isolation of

high-quality nucleic acids from small needle core biopsies obtained from liver metastases. The protocol

supports stable shipping of samples to a central laboratory, where biopsies are subsequently embedded in

support media. Designated pathologists must evaluate all biopsies for tumor content and macrodissection can

be performed if necessary to meet our criteria of 460% neoplastic cells and o20% necrosis for genomic

isolation. We validated our protocol in 40 patients who participated in a biopsy-driven study of therapeutic

resistance in metastatic colorectal cancer. To ensure that our protocol was compatible with multiplex discovery

platforms and that no component of the processing interfered with downstream enzymatic reactions, we

performed array comparative genomic hybridization, methylation profiling, microRNA profiling, splicing variant

analysis and gene expression profiling using genomic material isolated from liver biopsy cores. Our standard

Correspondence: Dr G Batist, MD, Department of Oncology, Jewish General Hospital, 3999 Cote Ste-Catherine Road, Montreal,
QC H3T 1E2, Canada.
E-mail: gerald.batist@mcgill.ca
14These authors contributed equally to this work.
Received 18 January 2013; revised 25 February 2013; accepted 27 February 2013; published online 7 June 2013

Modern Pathology (2013) 26, 1413–1424

& 2013 USCAP, Inc. All rights reserved 0893-3952/13 $32.00 1413

www.modernpathology.org

mailto:gerald.batist@mcgill.ca
http://www.modernpathology.org


operating procedures for next-generation biobanking can be applied widely in multiple settings, including

multicentered and international biopsy-driven trials.
Modern Pathology (2013) 26, 1413–1424; doi:10.1038/modpathol.2013.81; published online 7 June 2013

Keywords: biobanking; biopsy; biospecimen; colorectal cancer; liver metastasis; molecular profiling; pre-analytical
variables

As significant strides are being made in individua-
lized therapy, increasing emphasis is being placed
on obtaining serial biopsies from the same indivi-
dual before therapy and at later time points, to
explore discordances between primary tumors and
metastases, gain insight into the mode of action of an
investigational agent, elucidate resistance mechan-
isms and ultimately to guide therapy.1–3 Adaptive
clinical trials such as the Biomarker-Integrated
Approaches of Targeted Therapy for Lung Cancer
Elimination (BATTLE) trial and the Investigation of
Serial Studies to Predict Your Therapeutic Response
with Imaging and Molecular Analysis 2 (I-SPY2)
trial in breast cancer are recent examples of the use
of biopsies to evaluate the molecular composition of
evolving tumors and to detect biomarkers for patient
stratification.4,5

There is no universal method for biospecimen
processing since this differs depending on the
demands of the analytical platforms. Some journals
now require key preanalytical variables to be
reported, according to the framework provided by
the Biospecimen Reporting for Improved Study
Quality (BRISQ) guidelines.6,7 For multiplexed
downstream analyses of small and fragile specimens
such as needle core biopsies, standardized pro-
cedures are especially important to obtain high-
quality genomic material with reasonable yield.
However, histomorphological quality control is
essential before pursuing unbiased discovery appro-
aches since assumptions on tumor cellularity can
skew results, as can preanalytical variables in tissue
processing, including procurement (biospecimen
excision method, warm and cold ischemic time),
preservation (snap freezing or use of stabilization
reagents, preservation temperature, freeze and thaw
cycles, shipping temperature), embedding (type of
long-term preservative, storage parameters) and
nucleic acid extraction methods.8–10 These variables
may contribute to the lack of reproducibility of
major publications in biomarker discovery.11

Our objective was to develop a standardized
method that would allow for the analysis of tumor
content and extraction of high-quality DNA and
RNA with sufficient yields for unbiased discovery
platforms, from a single liver needle core biopsy.
We evaluated different tissue procurement methods
and embedding media, and developed standard
operating procedures for use in a multicenter study
involving the collection of liver biopsies from meta-
static colorectal cancer patients (study Q-CROC-01).
We demonstrate here that our next-generation

biobanking protocol is compatible with downstream
applications, including array comparative genomic
hybridization, methylation profiling, microRNA
profiling, splicing variant analysis and gene expres-
sion profiling.

Materials and methods

Tissue Sampling from Surgical Specimens

Patients provided written consent according to the
Research Ethics Board of the Jewish General Hospi-
tal. Biopsies were taken from two different hepa-
tectomy samples using a 16G BioPince full-core
end-cutting tri-axial automated biopsy device with a
stroke length set to 23mm. The biopsy cores were
approximately 1mm� 15mm. A minimum of six
biopsy cores were processed for each protocol
detailed in Figure 1. Standard pathology procedures
were followed for the formalin-fixed, paraffin-
embedded sample (protocol A). For protocol B, the
biopsies were collected in an empty microcentrifuge
tube, immediately submerged in liquid nitrogen and
then stored at � 150 1C for 72h. For protocol C,
biopsies were immediately submerged in 150 ml
RNAlater solution (Qiagen, Ontario,Canada) and
then stored at 4 1C for 72h. For protocols D and E,
biopsies were submerged in 150 ml RNAlater and
then stored at � 150 1C or 4 1C respectively, for 72h.
Frozen samples from protocol D were thawed gently,
kept on ice and, along with samples from protocol E,
were washed with RNAse-free phosphate-buffered
saline (PBS) (Fisher Scientific, Ottawa, ON, Canada)
for 2min on dry ice and repeated two times.
Biopsies from protocols B, C, D and E were
embedded in optimal cutting temperature (OCT)
compound (Surgipath; Leicabiosystems, Concord,
ON, Canada) using a 15mm� 15mm Tissue Tek
disposable cryomold (Somagen, Edmonton, AB,
Canada). Cryomolds were gently submerged for
30 s into a beaker containing 2-methyl butane (Fish-
er Scientific) precooled on dry ice. The blocks were
stored at � 80 1C. Tissue cryosections were per-
formed using standard procedures, with the cryostat
temperature set to � 20 1C.

Tissue Sampling from Colorectal Cancer Patients

Written informed consent from patients was ob-
tained before all study-related procedures, which
were approved by the ethics committee of five
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hospitals. Prebiopsy coagulation status was assessed
according to the Society of Interventional Radiology
Clinical Practice Guideline.12 Interventional
radiologists specifically aimed at including 100%
tumor tissue in the biopsy. Three cores were
removed by percutaneous ultrasound-guided
biopsies using primarily a 16- or 18-G BioPince
end-cutting biopsy device. After the biopsy
procedure, patients were monitored for 4–6h by
nursing staff. Standard operating procedures, in-
cluding needle core biopsy procurement, histologi-
cal analysis, isolation, quantitation and quality

control of genomic material, are available as
Supplementary Material.

Array Comparative Genomic Hybridization

Copy number alterations within the tumor genome
relative to the commercially available normal
human DNA (Promega, Madison, WI, USA) were
identified by array comparative genomic hybridiza-
tion analysis using 244K Agilent platform (Agilent
Technologies, Mississauga, ON, Canada). We used

Figure 1 Preanalytical workflow demonstrating the conditions used to process metastatic liver biopsies. (a) Collection of biopsies (n¼ 6
for each protocol) from a partial hepatectomy sample using an automated biopsy device. (b) Hematoxylin- and eosin-stained tissue
section (�10 magnification) for histological evaluation of biopsies processed under each condition described above. PBS, phosphate-
buffered saline; RT, room temperature.
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whole genome amplification procedure before label-
ing and hybridization to the array, as reported pre-
viously.13 Thus, only 60ng of patient samples and
reference DNA was required. Whole genomic DNA
was amplified using GenomiPhi V2 DNA Amplifi-
cation Kit (GE Healthcare, Baie d’Urfe, QC, Canada).
Amplified DNAwas labeled and purified according to
the protocol supplied by Agilent. Data were extracted
from scanned images using the Feature Extraction
software, version 10.10.1.1 (Agilent Technologies)
and analyzed using aberration detection method 2
(ADM-2) algorithm to identify DNA copy number
aberrations.13 The text files from Feature Extraction
were also imported for analysis into R using the
package limma and the processed signal provided
by Feature Extraction was used for downstream
visualization.14 The data were visualized using the
Broad Institute Integrative Genomics Viewer.15

Methylation Profiling

Global methylation profiling was performed using
the methylated DNA immunoprecipitation approach
coupled with detection of methylated regions on
high-density (244K) Agilent human CpG island
arrays that interrogate 195K CpG island probes and
50K non-CpG island probes (Agilent Technologies).
For methylated DNA immunoprecipitation, we used
the Agilent protocol version 1.1 without any modi-
fications. Microarray slides were scanned using the
Agilent G2505B scanner and data extracted with
Agilent Feature Extraction 9.1 software. We used the
package limma to read and preprocess the raw data.
Briefly, we subtracted the background and normal-
ized using the median. Significant hypomethylated
or hypermethylated CpG regions were identified by
comparing the log 2 ratio of probes within a CpG in a
Wilcoxon’s signed-rank test. Regions with a P-value
lower than 0.0001 were considered as significant.
The data were visualized using the Broad Institute
Integrative Genomics Viewer.15

Splicing Isoforms

Analysis of alternative splicing events from total
RNA was performed using a high-throughput RT-
PCR approach.16,17 RNA (25ng) extracted from the
biopsies was amplified using the Transplex Whole
Transcriptome Amplification Kit (Sigma-Aldrich,
Oakville, ON, Canada). Relative expression levels
of a panel of reference genes were determined in
each sample by qPCR to normalize the amplification
of all RNA samples analyzed. Nine reference genes
were amplified (YWHAZ, GAPDH, SDHA, HMBS,
SF3A1, HPRT1, PUM1, MRPL19 and PSMC4, primer
sequences available on request), and the three most
stable between samples (SDHA, HMBS and PSMC4)
were identified using the GeNorm protocol.18 Then,
the samples were diluted accordingly to the lowest
concentration of the sample set, then further diluted

10-fold, for subsequent high-throughput PCR
analysis of alternative splicing. End point PCR
followed by microcapillary electrophoresis, target-
ing 96 alternative splicing events known to be active
in a panel of 11 cell lines (unpublished data), were
analyzed in the three amplified samples as
described previously.16 The full data set for the
normalization and alternative splicing analysis is
available at http://palace.lgfus.ca/link/qcroc.

MicroRNA Profiling

MicroRNA profiling was performed using TaqMan
low-density arrays according to the manufacturer’s
protocol (Life Technologies, Carlsbad, CA, USA)
using 100ng of total RNAs, and quantified using the
RQ manager 1.2.1 software (Life Technologies). No
additional step was applied to the RNA extraction to
enrich for microRNAs. Text files were imported
using a custom script within R (http://www.r-
project.org/). Data were normalized using the mean
snRNA U6 Ct.

Gene Expression Profiling

Microarray analysis was performed using 100ng of
RNA, which was amplified and labeled according to
the Agilent One-Color Microarray-Based Gene
Expression Analysis protocol (Agilent Technologies).
Samples were hybridized to SurePrint G3 Human
GE 8� 60K array slides (Agilent Technologies).
Slides were processed and scanned according to
the manufacturer’s instructions. Data were extracted
using Feature Extraction software, version 10.10.1.1
(Agilent Technologies) and imported in R using
BioConductor (http://www.bioconductor.org/) and
the package limma.14 We used Pearson’s correlation
to assess the level of correlation between the gene
expression experiments. For data integration between
gene expression and array comparative genomic
hybridization, we first scaled the data. To detect the
concordance of the level of expression with deletions
(or amplifications) identified by array comparative
genomic hybridization, we defined background
regions without chromosomal aberrations from
ADM-2 results and then compared the distribution
of the scaled expression within the background region
to the region of interest. The significant difference in
scaled expression distribution for the background
region and the deleted (or amplified) region was
evaluated using a Wilcoxon’s signed-rank test.

Results

Optimizing Conditions for Histological Analysis

To determine conditions that permit morphology
analysis and ensure nucleic acid integrity, we
designed a pilot study using cores from a fresh
surgically resected liver of a patient with metastatic
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colorectal cancer. Figure 1 demonstrates the pre-
analytical workflow from collection to histological
verification, testing three conditions for specimen
collection: formalin, snap freezing in liquid nitrogen
and RNAlater. To minimize the dehydration effect
of RNAlater, we washed some biopsies with
ice-cold PBS (protocols D and E). All biopsies were
embedded in OCT compound to enable cryosection-
ing, with the exception of the biopsies collected in
formalin (protocol A), which were routinely pro-
cessed and paraffin embedded. As expected, opti-
mal morphological preservation was observed in
these samples (Figure 1b). Biopsies snap frozen in
liquid nitrogen (protocol B) also exhibited adequate
morphology but specimens were fragile and more
difficult to section. Insufficient histology preserva-
tion was observed for samples processed according
to protocols C and D.19,20 When the samples were
frozen in RNAlater (protocol D), the tissue did not
adhere to the slide properly and staining was only
observed in the periphery or in distant fragments
of the tissue, rendering histological examination
impossible, despite the additional washing step.
As protocols C and D did not result in suitable
morphology, which was a technical requirement of
our method, we did not pursue any recovery of DNA
and RNA from these samples. Suitable morphology
was only observed when samples in RNAlater were
stored at 4 1C and washed with ice-cold PBS before
OCT embedding (protocol E).

Recovery of Genomic Material

The main concern in isolating intact genomic
material suitable for downstream expression analyses

is the fragile nature of RNA and its suscepti-
bility to degradation. To enable array comparative
genomic hybridization, methylation, gene expres-
sion, microRNA and splicing variant profiling, we
required a minimum yield of 1.06 mg DNA and
0.225 mg RNA. We used the Qiagen AllPrep DNA/
RNA Mini Kit to isolate genomic material from the
biopsies processed by protocols B and E, thereby
allowing us to isolate simultaneously DNA and RNA
from the same biopsy. Formalin-fixed, paraffin-
embedded samples (protocol A) were not selected
for further processing since historically these are not
optimal for ‘-omics’ technologies due to crosslinking
and fragmentation.21 As shown in Figure 2a, both
protocols B and E provided good RNA yields, with a
mean of 4.28 mg for biopsies snap frozen in liquid
nitrogen and 3.71 mg for biopsies collected in
RNAlater. The ratio of the absorbance at 260 and
280nm (A260/280) was used to assess the purity of the
nucleic acids, and both protocols yielded values
41.8 for DNA and 2 for RNA, indicating minimal
contamination (data not shown). All samples pro-
cessed according to protocols B and E had RNA
integrity numbers above 6.8, with a mean of 7.3
(Figure 2b). The mean DNA isolated from the same
biopsies was 4.5 mg for snap frozen samples and
3.9 mg for samples collected in RNAlater (Figure 2c).
We observe more variability in DNA yield with some
samples having very low yields, which we attribute
to suboptimal homogenization of the tissue. We
have noticed that RNAlater makes the tissue harder
and more difficult to homogenize. High-molecular-
weight bands were detected for all samples by
agarose gel electrophoresis, thereby confirming
DNA integrity (Figure 2d).

Figure 2 Yield and quality of RNA and DNA extracted simultaneously from needle core biopsies. Nucleic acids were extracted from
samples processed according to protocols B and E. (a) Quantity of RNA extracted represented as mean yield of RNA. (b) Integrity of RNA
represented by RNA integrity number. (c) Quantity of DNA represented as mean yield of DNA. Error bars in panels a–c represent the
standard error of the mean (s.e.m.), with a minimum of six biopsies used for each protocol. (d) Integrity of DNA as verified by agarose gel
electrophoreses. A 1-kb DNA ladder was run as a marker in each gel.
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Validation in a Multicenter Study

The Q-CROC-01 study aims to identify prospec-
tively biomarkers of clinical resistance to first-line
therapy in metastatic colorectal cancer. To facilitate
the procurement, transport and manipulation of
liver biopsies from multiple centers participating
in this study, collection in RNAlater was selected.
Three needle core biopsies were collected before
first-line treatment; the first two biopsies (Biopsy-1
and Biopsy-2) were placed in RNAlater for isolation
of genomic material and the third (Biopsy-3) was
collected in formalin. Biopsies were shipped
overnight at 4 1C to our central laboratory for all
subsequent sample processing. The two biopsies in
RNAlater were processed using protocol E. A
designated pathologist evaluated all first and second
biopsies, noting tumor content in the entire core. We
defined tumor content as neoplastic cells (tumor
nuclei), necrosis and stroma. The pathologist first
marked on the H&E slide if macrodissection of the
biopsy was necessary and feasible, and then further
characterized the marked tumor-containing region,
noting the percentage of neoplastic cells, necrotic
cells and stroma. Although there is no consensus on
the minimum tumor content required for reliable
analysis from high-throughput platforms, we
adopted the requirement defined by the Cancer
Genome Atlas (TCGA) for genome-scale character-
ization of human colon and rectal cancer.22 Thus,
within the marked tumor section, only samples
containing 460% neoplastic cells and o20%
necrosis met our criteria for genomic isolation. All
samples not meeting these criteria were excluded,
and genomic material was not isolated.

Of the first 42 patients enrolled into the Q-CROC-
01 study at five centers, two did not undergo the
liver biopsy procedure. As shown in Figure 3a, of
the 40 patients who were biopsied before starting
first-line treatment, three patients had biopsy sam-
ples that were not histologically consistent with
colorectal cancer. Of the 37 patients whose biopsies
were consistent with colorectal cancer, 29 (78%)
had at least one biopsy meeting our criteria for
downstream DNA and RNA isolation. Eight patients
failed quality control in both biopsies, and subse-
quently no DNA or RNAwas isolated; seven patients
had insufficient neoplastic cells (o60%) in both
biopsies 1 and 2 with no potential for macrodissec-
tion, and for one patient, the site erroneously placed
all biopsies in formalin.

As shown in Figure 3b, there is significant
variability in the tumor content between biopsies
and even between three successive biopsy passes
taken from the same patient. Even biopsies contain-
ing 100% tumor (includes neoplastic cells, necrotic
cells and stroma) may not have sufficient neoplastic
cells to warrant genomic material isolation as
defined by our criteria. For example, biopsies 1
and 2 from patient 30 consisted entirely of tumor
tissue, but as the cores contained primarily necrotic

cells and stroma, the samples were not suitable for
isolation of genomic material. Figure 3c demon-
strates the boundary between normal and tumor
tissue in liver biopsy 1 from patient 021, in which
macrodissection was recommended. Macrodissec-
tion was performed on dry ice with an RNAse-free
sterile blade, using the H&E slide as a reference to
cut the OCT block in the region delineated by the
pathologist (area containing neoplastic cells with
little stroma or necrosis). Only the macrodissected
tissue containing the area of interest was then used
to isolate genomic material (Figure 3d). In some
biopsies, there was no clear delimitation that could
be made to enrich for neoplastic cells (Figure 3e).
No correlation could be made at this point between
the variability in tumor content between biopsies
and the five centers at which the biopsies were
performed.

From the biopsies that met our criteria for
genomic isolation, variable yields of DNA and
RNA were obtained, ranging between 1.0 and
27.8 mg for DNA (mean of 12.6 mg) and between
0.89 and 17.21mg for RNA (mean of 7.9 mg). High
purity was obtained with A260/280 values 41.8 for
DNA and 2 for RNA, confirming the validity of the
protocol in patient liver samples. The quality of the
RNA and DNA was also verified and RNA integrity
numbers higher than 6 (average¼ 7.1) were obtained
for RNA and intact genomic DNAwas observed (data
not shown).

Validation for Downstream High-Throughput
Technologies

To ensure that our next-generation biobanking
protocol is compatible with multiplex discovery
platforms and that no component of the sample
preparation interferes with downstream enzymatic
reactions, we performed array comparative genomic
hybridization, DNA methylation, microRNA, splice
variant and gene expression profiling, using three
patient samples with the highest yield of DNA and
RNA. The rest of the samples were preserved for
‘batch analyses’ at the end of the study.

Array comparative genomic hybridization. Patient
biopsy samples were analyzed for DNA copy
number changes using Agilent’s Genomic Work-
bench software ADM-2. No aberrations were identi-
fied for patient 005, but patients 001 and 003
showed multiple aberrations that mostly involved
large DNA segments (Figure 4a). Many of these
genetic aberrations occurred in regions reported to
be associated with colorectal cancer.23,24 These
changes include amplifications on chromosome
20q, 13 and 8q, and copy number loss on the long
arm of chromosome 18 and on chromosome 8p.24–28

Both aberrant specimens showed amplifications
of entire chromosomes: 7, 13 and 16, as well as
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partially overlapping aberrations on chromosome 20
(Figure 4a).

Methylation profiling. To enable genome-wide
analysis of methylation status of known CpG

islands, we used an affinity-based approach to
enrich for methylated DNA, and evaluated methyla-
tion status using Agilent Human DNA Methylation
microarray. As shown in Figure 4b, we observed
global hypomethylation pattern, mainly negative

Figure 3 Tumor content for biopsies collected as part of the Q-CROC-01 study. (a) Flow chart of patients from whom two liver needle core
biopsies were collected in RNAlater. (b) Tumor content (%) in liver biopsies for 42 patients participating in the Q-CROC-01 study.
Patients marked by an asterisk (*) are those whose biopsy tissue were not histologically consistent with colorectal cancer. Patients
marked by a diamond (~) did not undergo the biopsy procedure. (c) Section from patient 021 (Biopsy-1) showing a clear boundary
between normal and tumor tissue. (d) Tumor region in the same core, showing neoplastic cells and stroma. (e) Tumor region in Biopsy-1
from patient 018 exemplifying a specimen not suitable for macrodissection.
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values, for patients 003 and 005. Global hypomethy-
lation of DNA is observed frequently during carci-
nogenesis and has been reported in colorectal
cancer.29,30 We analyzed the methylation profile on
the genes implicated in colorectal cancer as reported
by the Kyoto Encyclopedia of Genes and Genomes.31

We observed hypomethylation of CpG islands of
JUN (Po3.1e� 06), FOS (Po9.5e� 4) and MYC
(Po3.8e� 04), as shown in Figure 5c. MYC is
reported to be hypomethylated in several colon
adenocarcinomas and metastatic deposits.32 In
addition, it was possible to determine blindly the
sex of the patients based on the methylation status of
CpG islands on the inactivated copy of the X
chromosome, a pattern observed in women only.33

Overall, this analysis provides evidence of the

quality of DNA extracted and its compatibility
with the methylation platform.

MicroRNA profiling. Total RNA extracted from
patient biopsy samples were subjected to TaqMan-
based quantitative microRNA profiling. As shown in
Figure 4c, it was possible to identify reliably 138
microRNAs in all three samples. We then investi-
gated whether the microRNA profiles obtained were
consistent with previous reports in colorectal cancer
profiling studies. Of 25 microRNA reported to be
upregulated in colorectal cancer, 12 were also
identified in our samples, including miR-(21, 26b,
132, 135, 141, 142, 181, 200, 203, 320, 372) and
let-7b.34,35 Interestingly, miR-21, which was detected
in all three patient samples, is the microRNA most

Figure 4 Genomic profiling of biopsies from three patients enrolled in the Q-CROC-01 study. (a) Array comparative genomic
hybridization. Log 2 normalized data are displayed using Integrative Genomics Viewer. The range of the y axis is � 2 to 2 in log 2. Bars
above the horizontal line represent duplication events and bars below the horizontal line represent deletion events. (b) Methylation
profiling. Data represents log 2 normalized data of anti 5-methylcytidine IP signal divided by the input DNA signal. Y axis range is
between � 2 and 2. Bars above the horizontal line represent methylation events and bars beneath the horizontal axis represent
unmethylated regions. (c) miRNA profiling. One hundred and thirty-eight miRNAs were detected in all the patients. Delta cycling
thresholds (CTs) are presented. Red depicts miRNA more expressed than the endogenous control U6 snRNA, whereas green depicts
lower expression than U6. (d) Alternative splicing profiling using the RNomics platform of 96 selected splicing events. Seventy-eight
genes have two selected isoforms detected in all the three samples. The splicing index corresponds to the percentage of the unspliced
form of the gene over the total splicing of the gene composed of the spliced and unspliced forms. Red indicates that the unspliced form is
the dominant form, whereas blue indicates that the spliced form is dominant. (e) Gene expression profiling. Data represent the log 2
normalized intensity. Only genes detected in all three patients are displayed (12 299 genes). Red depicts genes highly expressed, whereas
blue depicts genes lowly expressed. For panels c–e, the samples are displayed in the order determined by the clustering algorithm.
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frequently upregulated in colorectal cancer and is
known to target PTEN.35,36

Splicing isoforms. Alternative splicing events were
analyzed by high-throughput PCR.16 We selected a
panel of 96 alternative splicing events based on their
active splicing profiles in 11 cell lines derived from

breast, ovary, uterus, prostate and colon (HCT-116)
(unpublished data, http://palace.lgfus.ca/data/
related/1166). By definition, an active alternative
splicing event yields evidence of two or more
isoforms in the sample set under consideration.
Active ASEs are highly sensitive to changes in
cellular conditions, and as such show strong

Figure 5 Integrative view of array comparative genomic hybridization, gene expression and methylation data for patient 003. (a)
Genome-wide views of array comparative genomic hybridization and gene expression. (b) Highlight of some chromosome portions
showing good agreement between the array comparative genomic hybridization (deletion (green) and amplification (red)) and gene
expression data for regions identified as deleted or amplified. (c) Integrative view for the Kyoto Encyclopedia of Genes and Genomes
pathway presenting genes implicated in colorectal cancer. Arrows indicate gene expression and methylation events mentioned for JUN,
MYC and PIK3R2.
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promise as cancer-specific biomarkers.16 Figure 4d
shows a heatmap representation of the splicing
profiles of the active ASE test set. Changes in the
regulation of specific ASEs can be detected between
samples, represented by color changes in the
heatmap. Analysis of data, representing the ratio of
two isoforms derived from each ASE, indicated that
78 of the 96 ASEs are active in all three samples of
this set (Figure 4d), confirming the suitability of the
sample extraction and amplification protocol.

Gene expression. Global gene expression profiling
was performed using Agilent Human whole-genome
60K arrays. The Agilent spike-in concentration–
response statistics were in the manufacturer ranges
with R2 values over 0.99 and slopes of 1.08, 1.10 and
1.07 for patients 003, 009 and 027, respectively,
indicating that the technical processing of the arrays
was carried out correctly without artifact. Figure 4e
displays the 12 999 genes detected in all three
patient samples. There is a good correlation between
the expression level of different genes in the
heatmap for all three patients with Pearson’s cor-
relation coefficients ranging from 0.88 to 0.91 for
all pairwise correlations between the three samples
(all P-values o2.2e� 16).

Integrated Analysis of the Genomic Data

A comprehensive evaluation of a tumor’s molecular
profile requires the integration of genomic data at
multiple levels.37,38 As a proof of concept, we used
an integrative approach to show concordance
between DNA and RNA genomic data obtained
from patient liver biopsies. Figure 5 displays the
result of integrating the array comparative genomic
hybridization, gene expression and methylation
data for patient 003. As expected, for deleted
chromosomal regions (chromosomes 8 and 18)
detected by array comparative genomic hybridiza-
tion, there was a global downregulation of genes
within the same region with significant difference
with the distribution of gene expression from genes
outside deleted regions (Figure 5b) (Wilcoxon’s
signed-rank test P¼ 2.95e� 06 and P¼ 4.58e� 11
for chromosomes 8 and 18, respectively). For
amplified regions, we can observe in region 20q
(Figure 5b) a good concordance between amplifica-
tion and increased gene expression (Wilcoxon’s
signed-rank test P¼ 1.1e� 08). As shown in
Figure 5c, we were able to ascertain upregulation
of genes typically found to be activated in colon
adenocarcinoma, including JUN, PIK3R2 and MYC
that are, respectively, in the top 27, 20 and 7% most
abundant genes detected on the array.39,40 The gene
expression data correlated well with hypomethy-
lation of the proto-oncogenes (JUN, MYC) or
promoter region in the case of PIK3R2. The
concordance of results from the different platforms

supports the compatibility of our next-generation
biobanking protocol.

Discussion

The integrity of the initial material used for profiling
is a major determinant of the validity of bioanaly-
tical data.7,10,41 We have optimized a preanalytical
workflow to isolate high-quality RNA and DNA
simultaneously from a needle core biopsy of a meta-
static liver lesion, which meets the technical demands
of array comparative genomic hybridization,
methylation profiling, microRNA profiling, splicing
variant analysis and gene expression profiling.
The use of RNAlater in our method has several
advantages; it is non-toxic, inexpensive, stabilizes
RNA and sustains RNA integrity for several days.
A washing step before OCT embedding enables
sectioning and tissue preservation for histological
assessment, as has previously been demonstrated for
breast specimens.20 While we demonstrate that
OCT does not interfere with RNA quality and
downstream enzymatic reactions, we recommend
removing excess OCT since it saturates the Qiagen
column and can decrease yield.

Embedding the biopsy in support media is needed
to enable sectioning for the analysis of tumor
content, the definition of which must be agreed
upon by the biobanking pathologists. We demon-
strate that tumor content varies significantly, even
between successive biopsies obtained from the same
lesion. In reports of multiplex analyses from patient
tissue, this important preanalytical variable must be
controlled as contributions from non-neoplastic
cells can skew experimental results.8,9 Measuring
the percentage of neoplastic cells, necrosis and
stroma in the tumor-containing region of the
biopsy is semiquantitative at best and subject to
interpretation, so centralizing histological analysis
reduces variability. In the Q-CROC-01 study, two
patients were subsequently diagnosed with neuro-
endocrine tumors, despite a primary diagnosis of
colorectal cancer. Hence, histological analysis also
serves to identify patients whose biopsies were
not histologically compatible with their primary
diagnosis.

An important consideration was that we obtain
sufficient DNA and RNA from the biopsies to enable
downstream multiplex analyses. Thus, laser micro-
dissection was not a practical alternative. To safe-
guard against insufficient material, the collection of
additional biopsies would be preferred. However,
there is a delicate balance between increasing the
risk to patients by performing multiple passes, and
obtaining maximum yield of genomic material. We
demonstrate that simultaneous extraction of DNA
and RNA from a single core yields nucleic acids of
optimal concentration and quality for our selected
downstream genomic applications. We could detect
a significant number of miRNAs in our biopsies
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without modifying the protocol to further enrich for
miRNAs. However, with the use of an improved kit
(AllPrep Universal) recently released by Qiagen, we
notice further enrichment for miRNAs after Bioana-
lyzer analysis compared with the Allprep kit (data
not shown). The tissue of origin is a determining
factor for the development of standard operating
procedures. As the liver is a common organ of
metastatic deposits, this protocol could be adopted
for sample manipulation and processing of liver
metastatic lesions arising from cancers other than
colorectal. Our experience with tissue processing for
two other studies—lymph nodes for Q-CROC-02
(NCT01238692) and breast for Q-CROC-03
(NCT01276899) is that tissue-specific methodology
must be developed (unpublished results). For
example, tissue architecture and morphology is
perfectly preserved when breast needle core biop-
sies are collected in RNAlater and frozen (protocol
D, unpublished results), but here we show that this
procedure cannot be applied to liver biopsies.

Next-generation biobanking is a translational
research endeavour that requires a detailed work-
flow across various disciplines.42,43 The expertise of
interventional radiologists, pathologists and research
technicians greatly affects the quality and usability of
patient specimens. Ideally, a central lab and designa-
ted technician would systematically process these
fragile samples. Alternatives to minimize preanaly-
tical variability are that highly trained personnel
follow strict protocols and/or that telepathology be
used for central reviews. We agree with the BRISQ
guidelines that a collective effort be made to report
preanalytical variables. Furthermore, sample quality
should be uniformly assessed so that translational
discovery efforts can benefit from combining
multiplex data across next-generation biobanks.

Although specific analytic technologies continue
to advance rapidly, next-generation biobanking
protocols must also evolve to minimize variability
inherent to multicenter trials and improve data
integration. However, protocols for sample procure-
ment and processing are difficult to standardize as
these are largely dependent on the tissue type, the
demands of the analytical platforms, feasibility at
different centers and cost. The protocol described
here is being reviewed by the Worldwide Innovative
Network Consortium for its first international
biopsy-driven clinical trial, a study to select rational
therapeutics based on the analysis of matched tumor
and normal biopsies in patients with advanced
malignancies. This will provide an important
opportunity to further validate the utility of our
approach in a wider range of tissues.
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