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Abstract
Correlative studies have identified numerous biomarkers that are individualizing therapy

across manymedical specialties, including oncology. Accurate interpretation of these studies

requires the collection of tissue samples of sufficient quality. Tissue quality can bemeasured

by changes in levels of gene expression and can be influenced bymany factors including pre-

analytical conditions, ischemic effects and the surgical collection procedure itself. However,

as yet there are no reliable biomarkers of tissue quality at researchers’ disposal. The aim of

the current study was to identify genes with expression patterns that fluctuated reproducibly

in response to typical post-surgical stress (ischemia) in order to identify a specific marker of

tissue quality. All tissue samples were obtained from patients with primary colorectal carci-

noma (CRC) (N = 40) either via colonoscopy prior to surgery, or by surgical resection. Surgi-

cally resected tissue samples were divided into three groups and subjected to cold ischemia

for 10, 20 or 45 minutes. Normal colorectal tissue and CRC tissue was analyzed using micro-

array and quantitative real-time PCR (qPCR). Comparing changes in gene expression

between pre- and post-surgical tissue using microarray analysis identified a list of potential tis-

sue quality biomarkers and this list was validated using qPCR. Results revealed that post-

operative ischemia significantly alters gene expression in normal and CRC tissue samples.

Both microarray analysis and qPCR revealed regulator of G-protein signaling 1 (RGS1) as a
potential marker of CRC tissue quality and eukaryotic translation elongation factor 1 alpha 1

(EEF1A1) as a potential reference gene of post-operative tissue quality. Larger studies with

additional time points and endpoints will be needed to confirm these results.

Introduction
In the field of cancer research the collection of tissue samples and, in particular, the quality of
tissue samples is integral to the identification of prognostic and predictive biomarkers [1].

PLOSONE | DOI:10.1371/journal.pone.0133987 July 29, 2015 1 / 13

OPEN ACCESS

Citation: Lange N, Unger FT, Schöppler M, Pursche
K, Juhl H, David KA (2015) Identification and
Validation of a Potential Marker of Tissue Quality
Using Gene Expression Analysis of Human
Colorectal Tissue. PLoS ONE 10(7): e0133987.
doi:10.1371/journal.pone.0133987

Editor: Libing Song, Sun Yat-sen University Cancer
Center, CHINA

Received: November 28, 2014

Accepted: July 5, 2015

Published: July 29, 2015

Copyright: © 2015 Lange et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This project was funded in part by
Indivumed GmbH and with Federal funds from the
National Cancer Institute, National Institutes of Health
(http://www.cancer.gov/), under contract
HHSN261200800001E. The content of this
publication does not necessarily reflect the views or
policies of the Department of Health and Human
Services, nor does mention of trade names,
commercial products, or organizations imply
endorsement by the U.S. Government. National



Many factors can influence tissue sample quality, including pre-analytical conditions (collec-
tion time and ischemic effects), exogenous factors, and the type of surgical collection procedure
itself [2,3,4]. The quality of a tissue sample can in turn influence gene expression profiles, and
the molecular composition of cells, tissues and fluids. Understanding the impact of tissue sam-
ple quality on gene expression is crucial in order to avoid data misinterpretation. Identifying
specific, validated biomarkers that indicate tissue of high quality would benefit future research.

In this study, we conducted a systematic analysis of the impact of post-operative ischemia
on normal and tumor colorectal tissue samples from patients with colorectal cancer (CRC), in
order to identify and evaluate a potential tissue-quality biomarker. Tissue collection was per-
formed in a highly standardized manner and included a colonoscopy sample removed immedi-
ately before surgery, as well as tissue samples that underwent cold ischemia 10, 20 and 45
minutes post-surgical resection. In a previous study by David and colleagues [5], gene-expres-
sion analysis of these tissue samples was performed using microarray technology followed by
hierarchical clustering and analysis of variance (ANOVA) examination. Results yielded a list of
target genes that were similarly regulated in patient samples following resection and following
cold ischemia time.

Using the target genes identified in the study by David et al [5], the aim of the current study
was to use quantitative real-time PCR (qPCR) to identify genes with an expression pattern that
fluctuated reproducibly in response to cold ischemia with a view to identify a specific marker
of tissue quality. Results revealed that post-operative ischemia significantly affects gene expres-
sion in normal and tumor colorectal tissue samples. Both microarray analysis and qPCR
revealed regulator of G-protein signaling 1 (RGS1) as a potential marker of colorectal tissue
quality and eukaryotic translation elongation factor 1 alpha 1 (EEF1A1) as a potential reference
gene of post-operative tissue quality.

Materials and Methods

Patient enrollment
Patients with primary CRC and tumors larger than 3 cm in diameter were enrolled. Patients
who had received chemotherapy or radiation therapy less than 3 weeks before surgery were
excluded. The study was conducted at two different sites in Hamburg, Germany, and reviewed
and approved by the competent ethics review committee of the Medical Association of Ham-
burg, Germany under reference number PV3342. Prior to this study, all patients gave their
written informed consent.

Tissue collection before and during surgery
After induction of anesthesia, patients underwent colonoscopy, upon which three biopsies
were taken from the tumor (T) and three biopsies were taken from the adjacent normal tissue
(N). Throughout this manuscript, this time point will be designated as 0. After resection of the
tumor and adjacent normal tissue, 12 tissue samples were collected from the tumor tissue and
12 tissue samples were collected from the adjacent normal tissue at room temperature and
standard air ratio (21% oxygen). These 24 tissue samples from tumor and normal tissue were
divided into three groups and exposed to a cold ischemia time of 10 minutes (10), 20 minutes
(20) or 45 minutes (45). Cold ischemia time reflected the time interval between removing the
tissue and preserving tissue samples [2,3]. Every tissue sample was approximately 5 x 5 x 5 mm
and 120 mg. For each of the time points and each tissue type (normal or tumor), half of the
samples were immediately stored in the vapor phase of liquid nitrogen, and half were immer-
sion-fixed in 4% formaldehyde. In this study, only frozen tissue samples were used.

Identifying Markers of Colorectal Tissue Quality

PLOS ONE | DOI:10.1371/journal.pone.0133987 July 29, 2015 2 / 13

Cancer Institute, National Institutes of Health had no
role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.
Indivumed GmbH provided support in the form of
salaries for all authors (Nicole Lange, Florian T.
Unger, Monika Schöppler, Katja Pursche, Hartmut
Juhl and Kerstin A. David), but did not have any
additional role in the study design, data collection and
analysis, decision to publish, or preparation of the
manuscript. The specific roles of these authors are
articulated in the ‘author contributions’ section.

Competing Interests: The authors have the
following interests: This study was funded in part by
Indivumed GmbH. All authors (Nicole Lange, Florian
T. Unger, Monika Schöppler, Katja Pursche, Hartmut
Juhl and Kerstin A. David) were under paid
employment with Indivumed GmbH at the time of this
study. There is one patent application related to this
research. The patent application number and title are:
62/031,247; methods for assessing biological sample
quality. The application was filed provisionally in the
USPTO on July 31th, 2014. However, this does not
alter the authors’ adherence to all the PLOS ONE
policies on sharing data and materials.



Microarray analysis
Oligonucleotide microarray analyses (GeneChip Human Genome U133 Plus 2.0; Affymetrix
Inc., Santa Clara, CA, USA) were performed as described previously [5]. Complete data sets
including all time points from 40 patients were analyzed. Data revealed a similar pattern of
gene expression changes for most of the patients [5].

Preparation of RNA and RNA quality control
For qPCR analysis, RNA was extracted from normal (tumor content 0%) and tumor (tumor
content�50%) tissue samples. Tissue sample RNA was isolated by performing a phenol-chlo-
roform extraction (QIAzol), followed by a DNase digestion and high-quality purification using
the RNeasy MinElute Cleanup Kit. Reagents and kits were purchased from Qiagen (Hilden,
Germany) and purification procedures were performed according to the manufacturer’s proto-
cols. RNA concentration was measured using the NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Dreieich, Germany). RNA quality was determined by measuring the RNA
integrity number (RIN) using the RNA 6000 Nano Kit and a bioanalyzer (Agilent Technolo-
gies, Berlin, Germany), according to the supplier’s instructions. A minimum RIN of�6 was
mandatory for extracted RNA to pass the quality control.

cDNA synthesis
cDNA synthesis from extracted RNA, as well as synthesis of non-reverse transcriptase controls,
were performed using the QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany)
according to the supplier’s instructions. The QuantiTect Reverse Transcription Kit included a
blend of oligo(dT) and random primers and an additional step for the elimination of contami-
nating genomic DNA. Each sample contained 1 μg of template RNA in a reaction volume of
20 μl.

Detection of mRNA expression by qPCR
qPCR analysis was performed using the 2x SsoAdvanced Universal SYBR Green Supermix as
well as the PrimePCR SYBR Green Assays (both Bio-Rad, Munich, Germany) containing unla-
beled oligonucleotide primer pairs and were used according to the supplier’s instructions.
Amplification was carried out in a reaction volume of 20 μl using cDNA generated from 10 ng
of RNA on the Bio-Rad C1000 Touch Thermal Cycler (CFX Manager Software Version 3.0;
Munich, Germany). The thermal cycling protocol included a single polymerase activation step
at 95°C for 2 minutes followed by 40 amplification cycles as well as melt-curve analysis. Each
amplification cycle comprised a denaturation step at 95°C for 10 seconds and a primer anneal-
ing/elongation step at 60°C for 30 seconds. Melt-curve analysis was performed including a
30-second hold at 65°C followed by a gradual increase to 95°C with a temperature increment
of 0.5°C every 5 sec. Primer efficiency was determined by performing standard curve analysis.
Furthermore, intra-assay variation (repeatability) and inter-assay variation (reproducibility)
were assayed. According to the minimum information for publication of qPCR experiments
(MIQE) guidelines [6], all information including RNA, cDNA and qPCR analyses (e.g. condi-
tions, reagents, quality rules) were summarized within the MIQE-checklist (S1–S3 Tables).

Data analyses and statistical analyses
Gene expression data obtained with the C1000 Touch Thermal Cycler and CFX Manager Soft-
ware Version 3.0 (Bio-Rad, Munich, Germany) were exported to Microsoft Office Excel 2007
and further analyzed. For relative quantification of mRNA expression the ΔΔCq method was

Identifying Markers of Colorectal Tissue Quality

PLOS ONE | DOI:10.1371/journal.pone.0133987 July 29, 2015 3 / 13



applied. Results were statistically analyzed using GraphPad Prism 5.0 (GraphPad Software,
Inc.; San Diego, CA, USA). Descriptive column statistics of each data set were performed,
including the Shapiro–Wilk normality test. Non-Gaussian distribution of data sets (p�0.05)
were tested for significant differences using the Kruskal–Wallis test in combination with the
Dunn’s multiple comparison post test and Gaussian distribution of data sets (p>0.05) was
tested using one-way ANOVA in combination with the Dunnett’s multiple comparison post
test. The significance level was�0.05. All numerical data and statistical analyses were summa-
rized in S1 Appendix.

Results

Patient disposition and clinical data
Based on the microarray data of the previous published study [5] normal colorectal tissue and
CRC tissue samples were analyzed to identify gene expression changes in response to cold
ischemia. In total, 50 patients with CRC who were scheduled for tumor resection surgery gave
informed consent to be enrolled in the study; complete and evaluable microarray results were
available from 40 patients (n = 21 female, n = 19 male; 44 to 89 years [S4 Table]). Medical
examination revealed malignant neoplasms of the rectum (n = 22), of the sigmoid colon
(n = 16), of the descending colon (n = 1) and carcinoma in situ of the rectum (n = 1). Cancer
staging revealed: n = 8/stage I; n = 10/stage II; n = 8/stage III and n = 11/stage IV (two tumors
were not applicable and one was stage 0). Surgical resection was performed in two hospitals (16
patients/Alten Eichen-Hospital Hamburg; 24 patients/Israelite Hospital Hamburg). These clin-
ical data revealed a sufficiently large and heterogeneous group of patients for further analysis.

Microarray data evaluation
Data were analyzed from colonoscopy samples (N0 or T0) and 10-, 20- and 45-minute cold
ischemia samples from normal as well as tumor tissue. The data sets of 40 patients passed qual-
ity rules and were analyzed. The evaluation of microarray data included the comparison of the
pre-surgical gene expression profiles to the corresponding gene expression profiles 10 and 45
minutes post-resection. Fig 1 show genes from 40 patients exhibiting a�2-fold change in gene
expression. The number of up- or down-regulated genes varied between patients in each
group, however, gene expression changes in response to resection were significantly higher
in tumor tissue compared with normal tissue. While�3792 genes were regulated in tumor tis-
sue only�1584 genes were regulated in normal tissue samples 10 minutes post-resection
(p<0.001). Similar results were obtained when comparing samples collected before surgery
with samples collected 45 minutes post-surgery (tumor tissue:�4116 genes; normal tissue:
�1956 genes p<0.001).

As described previously [5], hierarchical clustering and comparison of log-fold changes
between normal and tumor ischemia time points were performed. Of these, five potential
tissue biomarker candidates were chosen (Table 1). Gene expression differences of log-fold
change�2 were identified for CYR61, RGS1, DUSP1, DUOX2 and SLC6A14 in normal tissue
by comparing pre-surgical to 45 minutes post-surgical time points. Corresponding tumor tis-
sue revealed similar, but generally lower, log-fold changes in gene expression. To identify
potential reference genes, the coefficients of variation (CV) across ischemic time points were
determined. Probe sets with the lowest CVs in normal tissue are listed in Table 2. EEF1A1
exhibited a small CV and the best correlation of ranks between normal and tumor tissue.
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RNA integrity and qPCR analysis
To validate the microarray results a qPCR assay was developed and the mRNA expression of
six chosen genes (CYR61, RGS1, DUOX2, SLC6A14, EEF1A1 and DUSP1) that fluctuated
reproducibly in normal and tumor colorectal tissue groups in response to ischemia were ana-
lyzed. As it is well known that degraded RNA negatively influences the outcome of qPCR anal-
yses, RNA quality was determined. Individual as well as mean RIN values from all patient
samples are shown in S1 Fig. Mean RIN values were high (RIN�7.9) and 88.75% of individual
samples (142/160) showed RIN values�7.5 threshold. Furthermore, 11.25% samples (18/160)
showed RIN values of between 5 and 7.5. RNA was therefore of sufficient quality for reliable
qPCR quantification [7]. The stably expressed reference genes, GAPDH and UBC [8], were
used for normalization of the qPCR results. Fig 2 shows the changes in expression of the six

Fig 1. Number of regulated genes in colon tissue summarized frommicroarray data. Number of genes
in 40 individual patients that change expression > 2-fold, comparing different time points of collection:
N = normal tissue; T = tumor tissue; pre = before surgery; 10` = 10 minutes after resection; 45` = 45 minutes
after resection. Kruskal-Wallis test and Dunn’s multiple comparison test were used for statistical analysis.
*** p� 0.001.

doi:10.1371/journal.pone.0133987.g001

Table 1. Microarray data of differentially expressed genes in normal and colorectal tumor tissue.

Normal colorectal tissue Colorectal tumor tissue

Probe ID Gene Symbol Protein Comparison pre vs 10’ Comparison pre vs 45’ Comparison pre vs 10’ Comparison pre vs 45’

p-value Log-fold Change p-value Log-fold Change p-value Log-fold Change p-value Log-fold Change

201289_at CYR61 Cysteine-rich angiogenic
inducer 61

1.57E-18 2.49 2.84E-22 2.55 1.33E-06 1.41 3.96E-08 1.59

202988_s_at RGS1 Regulator of G-protein
signaling 1

4.21E-21 2.34 5.05E-25 2.39 1.81E-09 1.57 7.62E-12 1.91

216834_at RGS1 Regulator of G-protein
signaling 1

1.65E-22 2.33 8.96E-25 2.36 3.06E-09 1.42 5.20E-12 1.76

201041_s_at DUSP1 Dual specificity
phosphatase 1

1.21E-17 1.85 3.00E-23 2.15 – – 1.15E-05 1.14

219727_at DUOX2 Dual oxidase 2 3.36E-08 -1.88 2.24E-10 -2.14 4.97E-04 -1.51 1.33E-05 -1.82

219795_at SLC6A14 Solute carrier family 6
(amino acid transporter),
member 14

1.01E-05 -1.87 3.60E-07 -2.16 1.09E-02 -1.2 3.16E-04 -1.75

Gene expression was compared before surgery (pre) and 10 minutes after resection (10’), and Pre and 45 minutes after resection (45’). Table adapted

from David K et al. Oncotarget 2014; 5. [5].

doi:10.1371/journal.pone.0133987.t001
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target genes. Consistent with the microarray results, qPCR analysis revealed a statistically sig-
nificant up-regulation of CYR61, DUSP1 and RGS1 as well as a statistically significant down-
regulation of SLC6A14 and DUOX2 in normal ischemic tissue samples compared with the pre-
surgical sample (Fig 2). When gene expression was compared between ischemic time points
(N10/N20; N10/N45; N20/N45) no differences were observed. Furthermore, expression of
EEF1A1 was unchanged when comparing expression in normal and tumor tissue samples after
resection (Fig 2F). In contrast, the results obtained from tumor tissue samples were more het-
erogeneous. Although expression of CYR61,DUSP1 and RGS1 was detected, only RGS1 showed
significant up-regulation in tumor tissue across all time points of ischemia (Fig 2B). Further-
more, statistical analysis revealed no significant decrease in the expression of SLC6A14 and
DUOX2 in response to ischemia.

Additionally, gene expression changes between normal and tumor colonoscopy samples
(N0/T0) were analyzed for all genes. Within this study, no statistically significant gene expres-
sion changes were found, although an increased but not significant expression of CYR61 was
observed in tumor tissue (T0) compared with normal tissue (N0) (Fig 2A).

Focus on RGS1 and EEF1A1 qPCR data
To investigate the expression of RGS1 and EEF1A1 in more detail, fold-changes in gene expres-
sion in ischemic tissue samples were assessed, and 2-fold changes indicated (Fig 3). RGS1
expression increased more than 2-fold in nearly all normal tissue samples (N10: 17/20 patients;
N20: 19/20; N45: 19/20) as well as in the majority of tumor tissue samples (T10: 12/20; T20:
15/19; T45: 14/20). In normal tissue samples, RGS1 expression was at its highest within 10 min-
utes post-resection and expression appeared constant across all ischemia time points (Fig 3A).
In tumor tissue samples, RGS1 expression level increased over time and was stable 20 minutes
post-resection (Fig 3B). Time-dependent regulation of EEF1A1 in normal and tumor tissue
resulted in stable expression (�2-fold change) of EEF1A1 in nearly all samples (Fig 3C and
3D; N10: 17/20; N20: 18/20; N45: 19/20; T10: 18/20; T20: 17/20; T45: 13/20). However,

Table 2. Microarray data of genes with the lowest CV across ischemia time points in normal colorectal tissue.

Normal tissue Tumor tissue

Probe ID Gene Protein CV Rank Rank

1558623_at LOC729121 Hypothetical LOC729121 0.000065177 1 22,547

227472_at DDA1 DET1 and DDB1 associated 1 0.000076330 2 5,095

213477_x_at EEF1A1 Eukaryotic translation elongation factor 1 alpha 1 0.000120035 3 70

206559_x_at EEF1A1 Eukaryotic translation elongation factor 1 alpha 1 0.00021194 10 464

203172_at FXR2 Fragile X mental retardation, autosomal homolog 2 0.00012495 4 5,833

202652_at APBB1 Amyloid beta (A4) precursor protein-binding, family B, member 1 0.000140598 5 22,323

209394_at ASMTL Acetylserotonin O-methyltransferase-like 0.000153558 6 28,176

234891_at DKFZP547L112 Hypothetical protein DKFZp547L112 0.000198356 7 17,884

212986_s_at TLK2 Tousled-like kinase 2 0.000208644 8 2,237

223148_at PIGS Phosphatidylinositol glycan anchor biosynthesis, class S 0.000210952 9 24,752

212581_x_at GAPDH Glyceraldehyde-3-phosphate dehydrogenase 0.001735025 3208 332

211296_x_at UBC Ubiquitin C 0.003508935 16,259 2,04

The 10 probe sets (nine genes) with the lowest CV including rank across all four time points (pre-surgery, 10, 20 and 45 minutes after resection) in normal

colorectal tissue as well as the corresponding ranks in tumor colorectal tissue are shown. Additionally, CVs and ranks of GAPDH and UBC are included

within this table. Table adapted from David K et al. Oncotarget 2014; 5. [5].

doi:10.1371/journal.pone.0133987.t002
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the distribution of individual values within each group revealed a more focused clustering in
response to resection in normal compared with tumor tissue samples.

Fig 2. qPCR gene expression analysis of six target genes in response to ischemia. Time-dependent gene expression ofCYR61 (A), RGS1 (B), DUSP1
(C), DUOX2 (D), SLC6A14 (E) and EEF1A1 (F) in normal (N) compared with tumor (T) tissue from 20 patients shown in Box-Whisker Plots. Boxes represent
first and third quartile, whiskers represent minima and maxima, solid lines within boxes indicate medians. Results are displayed as fold changes normalized
to sample NC4/N0. Kruskal-Wallis test and Dunn’s multiple comparison test were used for statistical analysis. Significant changes in gene expression
between N0 and N10/N20 or N45 as well as between T0 and T10/T20 or T45 are indicated N = normal tissue; T = tumor tissue; 0 = before surgery; 10, 20,
45 = 10, 20, 45 minutes after resection; * p� 0.05; ** p� 0.01; *** p� 0.001.

doi:10.1371/journal.pone.0133987.g002
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EEF1A1 as a reference gene
To investigate the potential of EEF1A1 to serve as a reference gene, the CV of the reference
genes GAPDH and UBC was compared with the proposed reference gene, EEF1A1 (Table 3).

Fig 3. Regulation ofRGS1 and EEF1A1 expression levels in colorectal ischemic samples. Comparison of RGS1 expression changes in normal (A) and
tumor (B) ischemic tissue samples and EEF1A1 expression changes in normal (C) and tumor (D) ischemic tissue samples of 20 individual patients. Patients
pre-surgery samples (0) were set to 1 and individual fold changes of ischemic samples were calculated and displayed as dots. Grey lines indicate a 2-fold
change in gene expression compared with individual pre-surgical samples. N = normal tissue; T = tumor tissue; 0 = before surgery; 10, 20, 45 = 10, 20, 45
minutes after resection.

doi:10.1371/journal.pone.0133987.g003

Table 3. CVs ofGAPDH,UBC and EEF1A1 across ischemia time points and patients in normal and tumor colorectal tissue.

Normal tissue Tumor tissue

Mean SD CV Mean SD CV
[Cq value] [%] [Cq value] [%]

GAPDH 20.81 1.04 4.99 19.85 1.42 7.14

UBC 22.71 1.31 5.77 22.41 1.28 5.71

EEF1A1 29.01 1.05 3.63 28.73 1.76 6.12

Mean value of GAPDH, UBC and EEF1A1 Cq values as well as standard deviation (SD) across all patients and time points were calculated. Furthermore,

the CV across all four time points (pre-surgery, 10, 20 and 45 minutes after resection) in normal and tumor colorectal tissue was calculated.

doi:10.1371/journal.pone.0133987.t003
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EEF1A1 was associated with the lowest CV (EEF1A1: 3.63) in all normal tissue samples. In
tumor tissue samples, the CV of EEF1A1 (6.12) was the second highest compared with UBC
and GAPDH.

Next, all RGS1 data were normalized to UBC, GAPDH or EEF1A1. RGS1 expression level
changes were compared with RGS1 expression levels following normalization to the combina-
tion of GAPDH and UBC (Fig 4). Results revealed that the same RGS1 expression levels were
generated regardless of the reference gene used. Furthermore, statistical analysis revealed no
significant differences in RGS1 expression when comparing the four normalization approaches
within each time point. These data support the assumption that EEF1A1might act as a poten-
tial reference gene of post-resectional tissue quality.

Discussion
Biomarkers are of great interest in clinical practice not only to detect disease, but also to target
the most appropriate treatment to the disease. Due to the increasing incidence of some cancers
and the heterogeneity of tumors, it is important to identify biomarkers for tumor detection and
classification and to aid in the development and targeting of new therapies [1]. The successful
identification of cancer biomarkers depends on the availability of human tissue samples and
the method of collection. It is well known that gene, as well as protein, expression changes in
response to tissue resection and/or ischemia, therefore the time taken to collect tissue samples
is of great importance [2,3]. To find accurate cancer biomarkers instead of ischemic artifacts,
and to avoid misinterpretation of data, it is necessary to understand tissue quality. A reliable
marker of tissue quality would also help to evaluate surgical samples for integration into
research studies. In this study, the post-operative effects of cold ischemia on normal and CRC
tissue samples were examined. This was achieved by evaluating microarray results and

Fig 4. Expression levels of RGS1 following normalization to UBC,GAPDH and EEF1A1 as well as to the combination ofGAPDH andUBC.
Comparison of RGS1 gene expression changes in normal (A) and tumor (B) ischemic tissue samples of 20 individual patients. Patients pre-surgery samples
(0) were set to 1 and individual fold changes of ischemic samples were calculated based on normalization toUBC (white box),GAPDH (light grey box),
EEF1A1 (grey box) or to a combination ofGAPDH andUBC (dark grey box). Results were summarized by Box-Whisker Plots. Boxes represent first and third
quartile, whiskers represent minima and maxima, solid lines within boxes indicate medians. Kruskal-Wallis test and Dunn’s multiple comparison test were
used for statistical analysis to compare the four normalization approaches within each time point. n.s. = not significant; N = normal tissue; T = tumor tissue;
0 = before surgery; 10, 20, 45 = 10, 20, 45 minutes after resection.

doi:10.1371/journal.pone.0133987.g004
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subsequently validating selected target gene expression by qPCR to identify a post-operative
marker of tissue quality.

The results presented here demonstrate a link between the expression of RGS1 and the post-
operative effects of ischemia. RGS1 gene expression was found to be up-regulated both in nor-
mal and colorectal tumor tissue upon resection. RGS1 is known to be responsible for the deacti-
vation of G-protein signaling, but little is known about the function of RGS1 under ischemic
conditions. RGS1 has been found to be up-regulated in vitro in C57Bl/6 mouse ischemic retinas
compared with non-ischemic retinas [9] and has been shown to be inducible in response to
hypoxia e.g. in Burkitt`s lymphoma cell-lines [10,11]. This study confirms the finding that
RGS1 is up-regulated in response to ischemia or ischemic conditions. Increased RGS1 expres-
sion could play a role in desensitization of G protein-coupled receptor (GPCR) signaling, possi-
bly by inhibiting G-proteins [12,13]. Therefore, RGS1might be involved in protecting cells
against prolonged GPCR signaling and in regulating the cellular processes that adapt to ische-
mic conditions. Furthermore, within this study EEF1A1 was identified as a potential ischemia
reference gene, both in normal and tumor colorectal tissue. EEF1A1 is part of the eukaryotic
elongation factor 1 (eEF1) complex and is responsible for GTP-dependent delivery of aminoa-
cyl tRNAs to the ribosome [14]. EEF1A1 is known to be ubiquitously expressed and has been
described as a useful reference gene for real-time PCR analysis in colon and other human tis-
sues e.g. in myocardium, in cervical tissue as well as in normal lung and lung squamous-cell
carcinoma tissue [15–19]. This study demonstrates that EEF1A1 is not only stably expressed in
normal and tumor colorectal tissue but also following cold ischemia. This observation might be
due to the fact that cells continue protein synthesis under ischemic conditions. Consequently,
proteins are generated that adapt cells to ischemic stress conditions, including heat shock pro-
teins (HSPs), and proteins involved in glucose metabolism are newly synthesized [20].

In this study, microarray results of selected genes from normal ischemic colorectal tissue
samples were validated by qPCR analysis. Furthermore, qPCR results confirmed the microar-
ray expression data of RGS1 and EEF1A1 in tumor ischemic colorectal tissue samples whereas
differential expression of DUSP1, CYR61, SLC6A14 and DUOX2 in tumor ischemic colorectal
tissue samples could not be validated. It is possible that this is at least in part due to the meth-
ods used in this study. In comparison to qPCR, microarray analysis is known to detect weakly
expressed genes with minor sensitivity, suggesting differences in expression even if the gene is
not or only slightly expressed [21,22]. By comparing absolute qPCR expression values (Cq
values), low expression levels of SLC6A14 and DUOX2 were observed. Furthermore, microar-
ray results of all analyzed genes exhibited lower log-fold changes in tumor tissue samples
compared with normal tissue samples. Both facts might explain the observation that qPCR
results only revealed trends, not significant changes, in the expression levels of DUSP1, CYR61,
SLC6A14 and DUOX2 in tumor ischemic colorectal tissue samples. In addition, the tumor con-
tent of samples was adjusted to�50% for qPCR analysis whereas such adjustment was not per-
formed for microarray analysis. It might be possible that an increased amount of normal tissue
in the microarray study hid tumor-specific effects that were not confirmable in qPCR analysis
of adjusted tumor ischemic colorectal tissue samples.

Several studies have shown that pre-analytical conditions, including sample collection time,
ischemic effects and the surgical collection procedure influences the molecular composition of
cells. In this regard, it has been published that post-resectional storage conditions, including
time and temperature, strongly affect gene expression in renal tumor tissue. The group con-
cluded that increasing storage temperatures let to an increased number of regulated genes and
this also correlated with increasing storage time [4]. Furthermore, Spruessel and colleagues
have been shown that up to 20% of genes in healthy colorectal tissue were differentially
expressed within 30 minutes of cold ischemia [3]. The results of the current study further
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underline the impact of tissue ischemia time on gene expression. More recently, it has been
reported that in colorectal tissue, 10% of genes were differentially regulated 30 to 120 minutes
post-resection, but clustering analysis of tumor samples from cases and time points did not
reveal a set of similarly regulated genes across all cases [23]. Within the current study, hierar-
chical clustering and ANOVA analysis revealed similar changes in gene expression across both
normal and tumor samples although gene expression changes were generally lower in tumor
compared with normal tissue. Differences in the outcome of clustering might be due to differ-
ent approaches used for clustering. More likely, differences could be due to sample collection.
Yamagishi and colleagues extracted all samples including time point zero from post-surgical
tissue, but within this study a colonoscopy sample served as a pre-surgical time point [23].

To further evaluate these findings, a cohort of more than 20 patients should be analyzed.
Future studies should also include the detection of patients’ individual gene expression levels
(copy numbers) to determine cut-off values (reference ranges) in order to distinguish between
fresh and ischemic tissue. Examining additional ischemic time points (e.g. 60, 90 and 120 min-
utes) would also be worthwhile in order to investigate possible changes over a prolonged
period. Finally, within the current study, colorectal tissue was examined, however to confirm
RGS1 and EEF1A1 as universal mRNA biomarkers a broad spectrum of tissues have to be
tested to investigate the same ischemia-dependent mechanisms.

In conclusion, results from the current study revealed that post-operative ischemia signifi-
cantly alters gene expression in normal and CRC tissue samples. Both microarray analysis and
qPCR revealed regulator of G-protein signaling 1 (RGS1) as a potential marker of CRC tissue
quality and eukaryotic translation elongation factor 1 alpha 1 (EEF1A1) as a potential reference
gene of post-operative tissue quality. These findings add to our understanding of the impact of
ischemic-stress on tissue sample quality, and provide an important basis for future research.

Supporting Information
S1 Appendix. Excel spreadsheet containing the numerical data and statistical analysis of
Figs 1, 2A–2F, 3A–3D, 4A, 4B, S1A and S1B.
(XLSX)

S1 Fig. RNA integrity. The RNA integrity number (RIN) was measured using an Agilent bioa-
nalyzer and individual RIN values are shown of all normal (A) and tumor (B) ischemic tissue
samples used in qPCR analysis. Statistical analysis was performed and significant changes are
indicated. Mean RIN values are displayed underlined. N = normal tissue; T = tumor tissue;
0 = before surgery; 10, 20, 45 = 10, 20, 45 minutes after resection; � p� 0.05; �� p� 0.01
(TIF)

S1 Table. MIQE checklist for authors, reviewers and editors. All essential information (E)
must be submitted with the manuscript. Desirable information (D) should be submitted if
available.
(DOCX)

S2 Table. qPCR validation information.
(DOCX)

S3 Table. qPCR target information.
(DOCX)

S4 Table. Clinical data of patients. Clinical data of 40 patients analyzed within the microarray
study. Patients highlighted in bold were analyzed in the current qPCR study. a = Alten Eichen-

Identifying Markers of Colorectal Tissue Quality

PLOS ONE | DOI:10.1371/journal.pone.0133987 July 29, 2015 11 / 13



Hospital Hamburg; b = Israelite Hospital Hamburg; f = female; m = male
(DOCX)

Acknowledgments
Medical editing services were provided by Nicola Crofts on behalf of Complete Medical Com-
munications, funded by Indivumed.

Disclaimer: This project was funded in part with Federal funds from the National Cancer
Institute, National Institutes of Health, under contract HHSN261200800001E. The content of
this publication does not necessarily reflect the views or policies of the Department of Health
and Human Services, nor does mention of trade names, commercial products, or organizations
imply endorsement by the U.S. Government.

Author Contributions
Conceived and designed the experiments: KAD HJ FTU NL. Performed the experiments: NL
MS KP. Analyzed the data: NL MS FTU. Contributed reagents/materials/analysis tools: NL
FTUMS KP HJ KAD. Wrote the paper: NL FTU KAD.

References
1. Bhatt AN, Mathur R, Farooque A, Verma A, Dwarakanath BS (2010) Cancer biomarkers–current per-

spectives. Indian J Med Res 132: 129–49. PMID: 20716813

2. Huang J, Qi R, Quackenbush J, Dauway E, Lazaridis E, Yeatman (2001) Effects of ischemia on gene
expression. J Surg Res 99(2): 222–7. PMID: 11469890

3. Spruessel A, Steimann G, Jung M, Lee SA, Carr T, Fentz AK, et al. (2004) Tissue ischemia time affects
gene and protein expression patterns within minutes following surgical tumor excision. Biotechniques
36(6): 1030–7. PMID: 15211754

4. Liu NW, Sanford T, Srinivasan R, Liu JL, Khurana K, Aprelikova O, et al. (2013) Impact of ischemia and
procurement conditions on gene expression in renal cell carcinoma. Clin Cancer Res 19(1): 42–9. doi:
10.1158/1078-0432.CCR-12-2606 PMID: 23136194

5. David K, Unger FT, Uhlig P, Juhl H, Moore HM, Compton C, et al. (2014) Surgical procedures and post-
surgical tissue processing significantly affect expression of genes and EGFR-pathway proteins in colo-
rectal cancer tissue. Oncotarget 5(22):11017–28. PMID: 25526028

6. Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, et al. (2009) The MIQE guide-
lines–Minimum information for publication of quantitative real-time PCR experiments. Clin Chem 55:
611–622. doi: 10.1373/clinchem.2008.112797 PMID: 19246619

7. Fleige S, Walf V, Huch S, Prgomet C, Sehm J, Pfaffl MW (2006) Comparison of relative mRNA quantifi-
cation models and the impact of RNA integrity in quantitative real-time RT-PCR. Biotechnol Lett 28
(19): 1601–13. PMID: 16900335

8. Andersen CL, Jensen JL,Ørntoft TF (2004) Normalization of real-time quantitative reverse transcrip-
tion-PCR data: a model-based variance estimation approach to identify genes suited for normalization,
applied to bladder and colon cancer data sets. Cancer Res 64(15): 5245–50. PMID: 15289330

9. Cervia D, Martini D, Ristori C, Catalani E, Timperio AM, Bagnoli P, et al. (2008) Modulation of the neuro-
nal response to ischaemia by somatostatin analogues in wild-type and knock-out mouse retinas. J Neu-
rochem 106(5): 2224–35. doi: 10.1111/j.1471-4159.2008.05556.x PMID: 18624922

10. Piovan E, Tosello V, Indraccolo S, Masiero M, Persano L, Esposito G, et al. (2007) Differential regula-
tion of hypoxia-induced CXCR4 triggering during B-cell development and lymphomagenesis. Cancer
Res 67(18): 8605–14. PMID: 17875700

11. Wierenga AT, Vellenga E, Schuringa JJ (2014) Convergence of Hypoxia and TGFβ Pathways on Cell
Cycle Regulation in Human Hematopoietic Stem/Progenitor Cells. PLoS One 9(3): e93494. doi: 10.
1371/journal.pone.0093494 PMID: 24686421

12. Moratz C, Hayman JR, Gu H, Kehrl JH (2004) Abnormal B-cell responses to chemokines, disturbed
plasma cell localization, and distorted immune tissue architecture in Rgs1-/- mice. Mol Cell Biol 24(13):
5767–75. PMID: 15199133

Identifying Markers of Colorectal Tissue Quality

PLOS ONE | DOI:10.1371/journal.pone.0133987 July 29, 2015 12 / 13



13. Hwang IY, Park C, Harrision KA, Huang NN, Kehrl JH (2010) Variations in Gnai2 and Rgs1 expression
affect chemokine receptor signaling and the organization of secondary lymphoid organs. Genes Immun
11(5): 384–96. doi: 10.1038/gene.2010.27 PMID: 20508603

14. Sasikumar AN, PerezWB, Kinzy TG (2012) The many roles of the eukaryotic elongation factor 1 com-
plex. Wiley Interdiscip Rev RNA 3(4): 543–55. doi: 10.1002/wrna.1118 PMID: 22555874

15. Kahns S, Lund A, Kristensen P, Knudsen CR, Clark BF, Cavallius J, et al. (1998) The elongation factor
1 A-2 isoform from rabbit: cloning of the cDNA and characterization of the protein. Nucleic Acids Res
26(8): 1884–90. PMID: 9518480

16. Piepoli A, Cotugno R, Merla G, Gentile A, Augello B, Quitadamo M, et al. (2009) Promoter methylation
correlates with reduced NDRG2 expression in advanced colon tumour. BMCMed Genomics 2: 11. doi:
10.1186/1755-8794-2-11 PMID: 19257893

17. Pilbrow AP, Ellmers LJ, Black MA, Moravec CS, Sweet WE, Troughton RW, et al. (2008) Genomic
selection of reference genes for real-time PCR in humanmyocardium. BMCMed Genomics 1: 64. doi:
10.1186/1755-8794-1-64 PMID: 19114010

18. Shen Y, Li Y, Ye F, Wang F, LuW, Xie X (2010) Identification of suitable reference genes for measure-
ment of gene expression in human cervical tissues. Anal Biochem 405(2): 224–9. doi: 10.1016/j.ab.
2010.06.029 PMID: 20599650

19. Zhan C, Zhang Y, Ma J, Wang L, JiangW, Shi Y, et al. (2014) Identification of reference genes for qRT-
PCR in human lung squamous-cell carcinoma by RNA-Seq. Acta Biochim Biophys Sin (Shanghai) 46
(4): 330–7.

20. Gourdin M, Dubois P (2013) Impact of Ischemia on Cellular Metabolism, Artery Bypass. AronowWSDr
(editor). Croatia: InTech. Available: http://www.intechopen.com/books/artery-bypass/impact-of-
ischemia-on-cellular-metabolism. Accessed 30 June 2014.

21. Sinicropi D, Cronin M, Liu ML (2007) Gene Expression Profiling Utilizing Microarray Technology and
RT-PCR. BioMEMS and Biomedical Nanotechnology. pp 23–46.

22. Mutch DM, Berger A, Mansourian R, Rytz A, Roberts MA (2002) The limit fold changemodel: a practical
approach for selecting differentially expressed genes frommicroarray data. BMC Bioinformatics 3: 17.
PMID: 12095422

23. Yamagishi A, Matsumoto S, Watanabe A, Mizuguchi Y, Hara K, Kan H, et al. (2014) Gene profiling and
bioinformatics analyses reveal time course differential gene expression in surgically resected colorectal
tissues. Oncol Rep 31(4): 1531–8. doi: 10.3892/or.2014.3053 PMID: 24573535

Identifying Markers of Colorectal Tissue Quality

PLOS ONE | DOI:10.1371/journal.pone.0133987 July 29, 2015 13 / 13



proteomic profiling. The accuracy of chemosensitivity

prediction of all the evaluated 118 anticancer agents was

significantly higher (P\ 0.02) than that of random pre-

diction. This study provided a basis for the prediction of

drug response based on protein markers in the untreated

tumor. Cell line panels find broad application in the pro-

teomic analysis of individual chemosensitivity and drug

discovery [322–325]. Protein microarray platforms that

can provide a quantitative, multiplexed read-out for cel-

lular signaling and that can utilize microscopic quantities

of tissue specimens for upfront analysis are needed for the

implementation of this technology in the clinical situation

[326] Therefore, the RPPA format has been improved to

be able to measure the abundance of many specific pro-

teins in complex solutions and has been adapted to use of

very small amounts of protein, [327]. Thus, this technol-

ogy is well suited for signal transduction profiling of

clinical samples, e.g. biopsy specimens [316, 328, 329].

The identification of critical nodes or interactions within

these networks is essential to drug development and the

design of individualized anticancer therapy [330], espe-

cially with targeted drugs [331, 332]. Using breast cancer

as an example, Wulfkuhle et al. [241] stated that, phos-

phoprotein-driven cellular signaling events represent most

of the new molecular targets for anticancer therapy.

Therefore, the application of reverse-phase protein

microarray technology for the study of ongoing signaling

activity within breast tumor specimens holds great poten-

tial for elucidating and profiling signaling activity in real-

time for patient-tailored therapy. Moreover, their data

demonstrate the requirement of laser capture microdis-

section (LCM) for analysis and reveal the metastasis-

specific changes that occur within a new microenviron-

ment. Microdissection should be a necessary component of

molecular analysis since dramatic changes within specific

protein phosphorylation levels were noted between a

majority of the undissected and microdissected samples.

Laser capture microdissection technology permits a

selection of a homogenous tumor population from a field

of normal-appearing cells and vice versa, to improve the

accuracy of comparative proteomics studies. Furthermore,

Haab et al. [327] noted that, the sensitivity of individual

antibody–antigen interactions for any given detection

system are highly dependent on the relative abundance of

the antigen–antibody species and the binding affinities

between the probe antibodies and the immobilized anti-

gens. Liotta et al. [333] reported on the analytical

challenges faced by protein arrays and proposed a practical

guide for optimizing construction and study design.

Additionally, a difficulty is associated with preserving

proteins in their biologically active conformation before

analysis. This will further limit the application of this

technology as a routine proteomic strategy, unless clinical

samples are routinely taken by the use of highly specified

procedures. The broad application of protein arrays in

personalized medicine is also impaired by the costs of

producing antibodies and the limited availability of anti-

bodies with high specificity and high affinity for the target.

Nevertheless, protein microarrays in combination with

technologies such as LCM and high standardization will

greatly contribute to the improved description of the multi-

factorial network, underlying individual response to anti-

cancer therapy and will allow the design of personalized

medicine.

Discussion

For most of the history of medicine, doctors relied on their

senses—mainly vision, hearing, and touch—to diagnose

illness and monitor a patient’s condition. Since then, bio-

medical research has made huge progress in diagnosis and

treatment strategies. The traditional trial-and-error practice

of medicine is progressively eroding in favor of more pre-

cise marker-assisted diagnosis and safer and more effective

molecularly guided treatment of disease. The aim of per-

sonalized medicine is to tailor disease detection, diagnosis

and therapy to each individuaĺs profile, using molecular

profiles to predict disease development, progression, clini-

cal outcome and response to anticancer therapy. Recent

advances in high-throughput technologies have raised new

opportunities in the fields of personalized- and predictive

medicine. Thus, enabling researchers to screen the whole

genome, proteome, transcriptome, and metabolome for

biomarkers, in tumor tissues and body fluids [334]. In

addition, new cellular models such as 3D organoid cultures

or spheroid systems opened new opportunities in drug dis-

covery and translational research. These models reflect the

in vivo situation much better than common 2D models

which are however, well suitable for high-throughput

screenings. The introduction of modern technologies such

as mass spectrometry and protein and DNA arrays, com-

bined with the understanding of the human genome, has

enabled simultaneous examination of thousands of proteins

and genes in single experiments. These technologies are

capable of performing parallel analysis, in contrast to serial

analysis conducted with older methods. Due to the variety

of data points, they provide opportunities to identify dis-

tinguishing patterns for cancer diagnosis and classification

as well as for prediction of response to anticancer therapies.

Furthermore, these technologies provide the means by

which new tumor markers could be discovered. At the

current stage, the molecular prediction of response to anti-

cancer therapy is more exploratory, aiming at advancing

scientific knowledge within clinical investigations rather

than routine in clinical practice.
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