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Abstract

Background—Tissue handling can alter global gene expression potentially affecting the
analytical performance of genomic signatures, but such effects have not been systematically
evaluated.

Methods—Tissue samples from 11 previously untreated breast tumors were minced and aliquots
were either snap frozen or placed in RNAlater immediately or after 20, 40, 60, 120 or 180 minutes
at room temperature. RNA was profiled on Affymetrix HG-U133A arrays. We used probe-set-
wise hierarchical models to evaluate the effect of preservation method on transcript expression and
linear mixed effects models to assess the effect of cold ischemic delay on the expression of
individual probe sets. Gene set enrichment analysis identified pathways overrepresented in the
affected transcripts. We combined the levels of 41 most sensitive transcripts to develop an index
of ischemic stress.

Results—Concordance in global gene expression between the baseline and 40 min delay was
higher for samples preserved in RNAlater (average concordance correlation coefficient CCC =
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0.92 compared to 0.88 for snap frozen). Overall, 481 transcripts (3%) were significantly affected
by the preservation method, most of them involved in processes important in cancer. Prolonged
cold ischemic delay of up to 3 hours induced marginal global gene expression changes (average
CCC=0.90 between baseline and 3 hour delay). However 41 transcripts were significantly affected
by cold ischemic delay. Among the induced transcripts were stress response genes, apoptotic
response genes; among the downregulated were genes involved in metabolism, protein processing
and cell cycle regulation. An index combining the expression levels of these genes was
proportional to the cold ischemic delay.

Conclusions—Prolonged cold ischemia induces significant transcriptional changes in a small
subset of transcripts in the tissue. Furthermore, the expression level of about 3% of the transcripts
is affected by the preservation method. These sensitive transcripts should not be included in
genomic signatures for more reliable analytical performance.

1. Introduction

Biomarker assessment from cancer tissue is integral in the clinical management of breast
cancer and is becoming even more important with the advent of molecular targeted
therapies. Precise and reproducible measurement of the amount of a specific protein or RNA
species in a tissue specimen is therefore necessary for reliable administration of therapeutic
course for individual cancer patients. Preanalytic factors, related to the tumor itself but
associated with the procedures used for specimen collection, handling and preservation, may
introduce variation and potentially bias analytical results obtained via
immunohistochemistry or gene expression assays (Abdullah-Sayani et al., 2006; loannidis,
2007; Sparano and Solin, 2010). In an effort to address this issue, guidelines have been
established for standardizing the handling of clinical specimens with the goal to minimize
the potential impact of preanalytical factors on the quality of the biospecimen (Hammond et
al., 2010; Wolff et al., 2007).

Several recent studies have reported on the effects of cold ischemic time, defined as the time
from tumor specimen removal to sample preservation, on the immunohistochemical (IHC)
measurement of protein expression for key breast cancer biomarkers. With the exception of
the progesterone receptor that showed varied sensitivity in one study (Yildiz-Aktas et al.,
2012), the antigenicity of the key biomarkers was remarkably stable for up to 4 hours of cold
ischemic time (Li et al., 2013; Neumeister et al., 2012). We have recently reported that
delays of up to 3 hours at room temperature until sample stabilization significantly reduces
the yield and quality of RNA extracted from breast cancer specimens, but had only marginal
effects on ESR1, ERBB2, MKI67 expression and on two multi-gene indices, the endocrine
sensitivity (SET) index (Symmans et al., 2010) and the genomic grade index (GGI) (Sotiriou
et al., 2006), measured on DNA microarrays (Hatzis et al., 2011). To what extent these
effects are specific to the genes and signatures evaluated in that study or whether they can be
generalized to other genes and signatures is unknown. A previous study reported that 121
genes were differentially expressed after 2 hours of delayed freezing of breast cancer
specimens, and 657 genes were altered after a 24-hour delay at room temperature (De Cecco
et al., 2009). Another study reported that 1788 mRNAs and 56 miRNAs were differentially
expressed in breast cancer samples following an additional 6 hours of cold ischemic delay
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after surgery (Borgan et al., 2011), but in colorectal cancer samples the effects of a 6-hour
cold ischemic delay at room temperature on gene expression were minimal (Musella et al.,
2013).

In the present study, we used the same design employed in our previous study (Hatzis et al.,
2011) to assess global gene expression changes that may be induced by prolonged cold
ischemia and specimen preservation and to characterize the biological processes
overrepresented in the affected transcripts. We also developed an index based on the
expression level of the most sensitive mRNA transcripts that could be used to assess cold
ischemic stress in breast cancer biospecimens, which might be useful in meta-analysis
studies. We presume that excluding genes identified in this study as being overly sensitive to
ischemic stress should improve the overall analytical performance of microarray-based
biomarkers.

2. Materials and Methods

2.1. Study Design and Sample Handling

Breast cancer tissue samples of 11 previously untreated tumors were resected and
intraoperative pathological assessments were performed at the University of Texas M.D.
Anderson Cancer Center (MDACC). The patient clinical-pathologic characteristics and
sample collection parameters were as previously reported (Hatzis et al., 2011) and are
summarized in Table 1. Details of the study design have been provided in the previous
publication. Briefly, resected specimens were immediately transported to pathology at room
temperature. After the standard pathological evaluation, a piece of tumor tissue of at least
2.0 cm in diameter was minced into fragments of 1-2 mm in a Petri dish to minimize
intratumoral variation and divided into eight grossly equal portions. Two pieces of the tissue
fragments were snap frozen in a vial with dry ice immediately (baseline-T0) and after 40
minutes at room temperature. The other tissue samples were placed into RNAlater (Life
Technologies, Carlsbad, CA) at room temperature either immediately after mincing or after
being held at room temperature for 20, 40, 60, 120, or 180 minutes. Lids of the Petri dishes
were closed during the additional time to prevent excessive drying or contamination of
tissue. All stabilized tissue samples were stored at —80°C until RNA extraction.

2.2. RNA Extraction and Quality Assessment

Total RNA was extracted from tissue samples using the RNeasy kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. The concentration of total RNA (ng/pL) and
total RNA yield (ug) were measured with a NanoDrop ND-1000 spectrophotometer
(Thermo Scientific, Wilmington, DE) and RNA purity was assessed by the absorbance ratio
at 260 nm and 280 nm. An electrophoresis trace was obtained using the Agilent 2100
Bioanalyzer RNA 6000 Nano LabChip (Agilent Technologies, Palo Alto, CA) and the RNA
integrity number (RIN) was calculated using the 2100 Expert Software (Agilent
Technologies). RIN values greater than 6 are generally considered to represent RNA
integrity acceptable for gene expression measurement (Schroeder et al., 2006).
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2.3. Gene Expression Profiling and Microarray Processing

RNA extracted from 11 tumor samples (MD40-MD71) was processed for microarray
hybridization as previously described and hybridized to Affymetrix human genome U133A
gene chips (Affymetrix Inc, Santa Clara, CA)(Hatzis et al., 2011). Raw gene expression data
files are available at the Gene Expression Omnibus (GEO) repository (http://
www.nchi.nlm.nih.gov/geo/) under accession ID GSE25011 and in the Array Express
repository (http://www.ebi.ac.uk/arrayexpress/) under accession ID E-GEOD-25011. Raw
intensity (CEL) files were processed using MAS5.0 (R/Bioconductor,
www.bioconductor.org) (Gentleman et al., 2004) to generate probe-level intensities,
normalized to a median array intensity of 600, transformed to log2 values, and then scaled to
reference values of 1322 breast cancer reference genes. Microarray quality control was
assessed based on the similarity in the distribution of intensities for the 1322 reference genes
compared to a reference distribution for these genes (Hatzis et al., 2011). Prior to gene-based
analysis, non-specific filtering was employed to remove probe sets that had low binding
specificity (extensions _xrif_in the probe set name), were housekeeping probe sets (starting
with AFFX), or were not adequately expressed (log2-transformed intensity of at least 5 in at
least 75% of the arrays). A total of 16,588 probe sets were retained for further analysis.

2.4. Statistical Analysis

To assess the effect of cold ischemic delay on the expression level of individual probe sets
we used linear mixed effects models (LME) with fixed slope and random within-group
intercept to account for biological variation among tumors. Probes were ranked according to
marginal t-statistic for the slope. The beta-uniform mixture model (BUM) was used to
control a false discovery rate (FDR) of 0.01 for selecting significantly affected probe sets
(Pounds and Cheng, 2004). We used a probe-set-wise hierarchical model with empirical
Bayes to estimate the effects of preservation method, ischemic delay and their interaction on
probe set expressions. We used the software package | i mma (Smyth, 2004) and accounted
for inter-tumor correlation in the expression of each probe set through a consensus
correlation coefficient. This approach is equivalent to using LME models, except that it
utilizes empirical Bayes to pool information across probe sets (Smyth et al., 2005). Probe
sets with significant effects at an FDR < 0.05 were selected. We used R 3.0.0 software for
all computations (R Core Team, 2013).

2.5. Gene-based Ischemic Stress Index

We developed a gene-based Ischemic Index (ISI) as an indicator of cold ischemic stress of a
tissue specimen. The index combined the expression levels of 41 probe sets that were
significantly affected by cold ischemic delay weighted by the absolute value of the fixed-
effect slope estimated from the LME model for each probe set:

ISI=5((26; ;") /26 — (216 19; ) /21577 1),

where gj and B are gene expression level and slope for probe set i, superscripts + and —
denote the sets of 18 and 23 probe sets having positive or negative response to cold ischemic
stress and |.| denotes the absolute value. The multiplier constant was used to expand the
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range of the index. The performance of the index was evaluated under a complete random
cross-validation (CRCV) scheme in which 15% (10) of the data points were randomly
withheld across tumor samples and time points and LME models for each of the 16,588
probe sets were fit using the remaining 85% (56) of the data. The ISI was defined as above
from probe sets selected at FDR < 0.02. Separate linear regression models for each tumor
sample were then fit to predict cold ischemic time from ISI. These linear models were then
used to estimate the cold ischemic time associated with each of the held out specimens from
the ISI of the specimen. A prediction was scored as accurate if the actual cold ischemic time
was within the 95% prediction interval of the linear model. The entire process was repeated
200 times.

3.1. mRNA Transcripts Affected by Specimen Preservation Method

We compared gene expression from 10 different breast cancer specimens — MD40 was
excluded because snhap frozen specimens were not collected. The specimens were either
preserved in RNAlater or by snap freezing, either immediately after mincing (defined as 0
minutes or baseline) or after a 40 minute delay at room temperature. As shown in Figure 1
for specimens from one tumor, overall concordance in gene expression was generally high.
However, there is a visible group of probe sets with higher expression in the RNAlater-
preserved sample at baseline (TO) compared to the other treatments, suggesting that snap
freezing or a 40 min delay affects the stability of some mRNA transcripts. Overall, the
average concordance correlation coefficient (CCC) in expression levels between specimens
from the same tumor sample that were stabilized in RNAlater or by snap freezing at baseline
was 0.871 (range 0.690 to 0.927), and it was similar after a 40 min delay (average 0.860,
range 0.729 to 0.921). The 40 min delay had a smaller effect in samples preserved in
RNAlater (average CCC 0.918, range 0.879 to 0.942) compared to the snap frozen samples
(average CCC 0.877, range 0.831 to 0.926), and this difference was significant by a paired t-
test (mean difference in CCC 0.041, t-statistic = 4.61, P = 0.001).

Combined analysis of the 2x2 preservation by ischemic delay study using a main effects
plus interaction model with inter-tumor correlation and empirical Bayes estimation
identified 481 probe sets that had a significant preservation method effect at FDR < 0.05. Of
these, 238 (49.5%) were expressed higher in specimens preserved in RNAlater and 243
(50.5%) were higher in specimens preserved by snap freezing (Supplementary Tables S1
and S2). Interestingly, 19 endogenous control probe sets (prefix AFFX) were among the
probe sets expressed higher in snap frozen specimens. The transcripts that are significantly
affected by the RNA preservation method have a broad distribution of expression levels
(Figure 2). In particular, several transcripts overexpressed in snap frozen specimens have
very high expression levels (>15) (Figure 2B), suggesting that biologically important signals
may be attenuated or lost by preservation in RNAlater. However, no probe sets showed a
significant ischemic delay effect (0 vs. 40 min delay) or a significant preservation by delay
interaction (FDR < 0.05). Gene ontology annotation of the affected transcripts indicates that
these genes are mainly involved in metabolic processes and are categorized under protein
binding function (Supplementary Figure S1). Gene set enrichment analysis (Luo et al., 2009)
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of the Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathways revealed
that several key pathways that are highly relevant in cancer are better in RNAlater, but that
some pathways involved in drug metabolism appear to be better preserved in snap frozen
specimens (Table 2).

3.2. Global Transcriptional Changes Induced by Prolonged Cold Ischemic Stress

For each tumor sample, we evaluated the overall concordance in global expression profiles
between the baseline specimen (preserved in RNAlater immediately after mincing) and
those preserved after a 20, 40, 60, 120 and 180 min delay at room temperature. The CCC
between baseline and delayed samples slightly decreased with increasing cold ischemic
delay, but the trend was not consistent for all samples. The average CCC across tumor
samples ranged from 0.916 (baseline vs. 20 min) to 0.890 (baseline vs. 180 min), suggesting
that the effect of prolonged cold ischemic delay on global gene expression is rather limited
affecting only a small subset of the transcripts (Table 3). To assess the number of transcripts
affected by cold ischemic delay, we compared the baseline specimen in a pair-wise
differential analysis with each of the delayed specimens within each tumor sample. The
average number of genes with significantly reduced expression (log2-fold > 3) ranged from
83 (baseline vs. 20 min delay) to 129 (baseline vs. 180 min delay) (Table 3), with the mean
expression level of these genes ranging from 6.8 to 8.3, well above noise levels. Therefore,
globally, the effect of cold ischemic delay is limited.

3.3. Cold Ischemia Induces Bidirectional Changes in Specific Genes

We identified RNA transcripts that are most responsive to cold ischemia stress across the 11
breast tumor specimens based on univariate mixed-effects linear regression analyses of the
expression level of probe sets with increasing of cold ischemic time accounting for between
tumor variations. Of the 16,588 pre-filtered probe sets, 41 were found to have a significant
cold ischemic effect (slope) at FDR < 0.01. Prolonged cold ischemia significantly increased
the expression of 18 transcripts and reduced the expression of 23 transcripts (Figure 3).
Expression trends of these probe sets with increasing cold ischemic time are shown in
Supplementary Figure S2 and annotation details are provided in Supplementary Table S3
and S4. Among the induced transcripts were stress response genes (HYOU1, PRPH2, and
FOS), apoptotic response or negative regulators of cell proliferation (DPF1, MCC, GDF9),
and transcription factors (NOTCH4, BATF). Among downregulated genes, 12 are involved
in metabolism, mRNA processing or protein processing, and three (BUB3, RBL2, MYH10)
in cell cycle regulation, providing a clear picture of reduced cell proliferation in response to
ischemic stress. A broader list of transcripts with significant cold ischemic effects at FDR <
0.05 (140 induced and 183 reduced) is provided for reference in Supplementary Tables S5
and S6.

3.4. Gene Index for Sensitivity to Cold Ischemia Stress

We combined the expression levels of the 41 probe sets identified to significantly respond to
cold ischemic stress to derive a quantitative index that could be an indicator for the extent of
cold ischemic stress in a tumor specimen, as described in the Materials and Methods. The
relationship between the gene-based ischemic stress index (I1SI) and the actual cold ischemic
time is shown in Figure 4A. The linear relationship is consistent across samples and
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throughout the entire range of cold ischemic time evaluated in this study. Mixed effects
regression provided an estimate for the common slope of 2.63 (P < 0.001), a null intercept (P
=0.83), and an intraclass correlation coefficient of 0.74 confirming a consistent model fit
across samples.

To evaluate the consistency of the linear relationship between ISI and cold ischemic time
and the ability of the ISI to estimate the length of cold ischemia in unknown samples, we
performed complete random cross-validation as described in the methods. The linear
relationship between ISI and cold ischemic time was consistent under cross-validation
(Supplementary Figure S3), with an average R2 of 0.8 (standard deviation SD 0.11;
Supplementary Table S7 and Figure S4). The average prediction root mean squared error
was about twice as large than the average residual regression error (Supplementary Table S7
and Figure S4). Yet, a specimen’s length of cold ischemia was predicted accurately on
average for 86% (SD 12%) of the held out specimens (Supplementary Table S7 and Figure
S4). These results suggest that the linear relationship between cold ischemic time and ISl is
robust and that this relationship can be used to reliably estimate the length of cold ischemia
from the expression levels of the most sensitive transcripts.

We calculated the ISI and two multi-gene indices, the endocrine sensitivity (SET) index
(Symmans et al., 2010) and the genomic grade index (GGI) (Sotiriou et al., 2006), for the
specimens in this study in order to elucidate the potential utility of the ISI as an indicator of
cold ischemic stress in breast cancer samples because such information may not be available
at the time of sample procurement. For many of the tumor samples, there was a linear
reduction of the value of the index with increasing cold ischemic stress as assessed by the
ISI (Figures 4B, 4C). To assess potential cold ischemic effects in published datasets, we
computed the ISI in several gene expression datasets published in the GEO. As Figure 5
shows, the median ISI for most datasets was less than 5, suggesting mild cold ischemic
effects (equivalent < 2 hr ischemic delay; Figure 4), although the ISI distributions were
relatively broad with some of the samples having ISI values twice as high as the median.
Tissue specimen type or tumor subtype appear to have a small effect, if any, on the ISI.
However, contrary to what was expected, FNAs appear to be associated with relatively
higher I1SI in TNBC but not in the other subtypes (Figure 5).

4. Discussion

In our previous study, we systematically evaluated the effects of tissue preservation and
prolonged cold ischemia on RNA yield and quality and on the expression of ESR1, ERBB2,
MKI167 and of two multi-gene indices, the SET index and the GGI (Hatzis et al., 2011).
Here, we extend the analysis to characterize global gene expression effects using 11 breast
cancer tissue samples preserved in RNAlater or by snap freezing at different times after
surgery.

Sample handling is known to alter the expression levels of a large number of genes, with
reported effects ranging from 88 genes (1.5%) following surgical manipulation in prostate
cancer (Lin et al., 2006). An ischemic delay of 40 min had marginal effects on overall gene
expression levels, which is in agreement with previous studies (Lin et al., 2006). Yet, the
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effect was smaller in specimens preserved in RNAlater (average CCC=0.92) compared to
snap frozen samples (average CCC=0.88), indicating better overall preservation consistency
with RNAlater. Intriguingly, neither preservation method appears to be optimal for all
transcripts, since each apparently preserves a different subset of transcripts. Overall, the
levels of 481 transcripts (3%) were significantly different in aliquots from the same tumor
preserved in RNAlater versus snap freezing, with about half of them being significantly
higher in RNAlater aliquots and the other half in the snap frozen aliquots. The RNA of
genes involved in protein binding (non-covalent interactions with other proteins or protein
complexes) and in metabolic processes appear to be particularly sensitive to the preservation
method, with about half of them been better preserved in RNAlater and the other half by
snap freezing (Supplementary Figure 1). However, gene set enrichment analysis showed that
different metabolic pathways are significantly overrepresented in the two sets of
differentially preserved transcripts. RNAlater appears to be better in preserving transcripts
involved in primary metabolism, cell cycle control, and signaling pathways important to
cancer, whereas snap freezing seems to be more optimal for preserving transcripts that are
involved in protein synthesis and drug metabolism (Table 2). Furthermore, it appears that
the pool of MRNA transcripts from highly expressed genes might be better preserved by
snap freezing the tissue (Figure 2B). However, preservation in RNAlater might be
suboptimal for other types of molecular analyses as it cannot preserve tissue morphology
(Staff et al., 2013), and although it preserves DNA, it can potentially interfere with DNA
extraction (Michaud and Foran, 2011).

Despite best efforts at standardizing tissue collection, extended time delays in preservation
of the resected tissue can occur, and the effect of prolonged cold ischemic delays on gene
expression has not been well characterized. We previously showed that prolonged cold
ischemic delays had a minimal effect on breast cancer related single genes and multi-gene
signatures (Hatzis et al., 2011). Globally, the overall concordance in gene expression
between aliquots from the same sample preserved at baseline or after 3 hours delay at room
temperature was 0.90 (Table 3). This appears comparable to the concordance between
duplicate aliquots preserved in RNAlater (preliminary data not shown here, pending on
analysis of a larger study designed specifically to characterize technical sources of
variation). Although the global effect of prolonged cold ischemia is rather marginal, there
were some transcripts that appeared to be particularly sensitive to cold ischemic stress. We
identified 41 such transcripts at a false discovery rate of < 1%, of which 23 showed reduced
expression while 18 showed increased expression with prolonged ischemia (Figure 3).

Increased transcription levels of stress response genes (HYOU1, PRPH2, and FOS) imply
that these genes are induced in response to cold ischemic stress. HYOUL1 has cyto-protective
properties and is known to be upregulated in response to hypoxic stress (Bando et al., 2004),
but its overexpression in breast cancer is also associated with lymphovascular invasion,
regional nodal involvement and generally with poor prognosis (Stojadinovic et al., 2007).
Hypoxia can also induce FOS, a transcription factor with a role in cell proliferation,
differentiation and endocrine resistance (Gee et al., 1999; Nathaniel et al., 2012; Wong et
al., 2008). In a recent meta-analysis, higher FOS levels were associated with better relapse
free survival after tamoxifen treatment in breast cancer (Mihaly et al., 2013). It is therefore
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evident how hypoxic stress caused by prolonged cold ischemia could confound the
assessment of prognostic gene-expression based biomarkers.

NOTCH signaling plays a key role in cell proliferation, apoptosis and vascularity (Ma et al.,
2011). Aberrant NOTCH4 activity can induce mammary gland carcinoma and vessel
perfusion of mammary tumors (Costa et al., 2013; Han et al., 2011). Higher cancer cell
proliferation would require greater vascular nourishment and may induce hypoxic conditions
for tumor growth. Knowing that NOTCH4 is primarily expressed in vascular endothelial
cells (Costa et al., 2013), the observed higher expression of NOTCH4 with prolonged
ischemia in our study is consistent with previous reports (Han et al., 2011; Hiyama et al.,
2011; Murphy et al., 2012; Reedijk, 2012; Speiser et al., 2012). High NOTCH expression
has also been shown to correlate with poor outcome in breast cancer (Reedijk, 2012; Speiser
et al., 2012), with the majority of triple negative breast cancers (TNBC) overexpressing both
NOTCH1 and NOTCH4 receptors (Speiser et al., 2012). We also observed ischemia-
induced expression of MCC, a known colorectal tumor suppressor gene that is thought to
negatively regulate cell cycle proliferation (Fukuyama et al., 2008; Kohonen-Corish et al.,
2007; Pangon et al., 2010). Such effects have not been reported previously. Again, induced
gene expression in response to prolonged ischemia could potentially confound interpretation
and use of these biomarkers in breast cancer.

On the other hand, transcripts negatively affected by prolonged ischemia were from genes
involved in metabolism, mRNA or protein processing, and in cell cycle regulation (BUB3,
RBL2, MYH10). Lower expression of these genes may be related either to response to
ischemic stress or to transcript loss due to MRNA degradation. Among these genes, BARD1
is a tumor suppressor gene and since high levels of this tumor suppressor gene are typically
associated with poor differentiation and poor prognosis in breast cancer (Wu et al., 2006),
susceptibility to cold ischemic stress could result in reduced reported marker levels and
erroneous prognosis assessment from mishandled samples.

Although global gene expression changes on individual transcripts were overall marginal,
the effects can be additive for multi-gene indices. The ischemic stress index (IS1) described
herein appears to estimate consistently the length of cold ischemia in breast cancer
specimens and could be useful for assessing gene expression profiles as a means of pre-
analytical quality assessment in addition to the aforementioned standardization of tissue
handling practices for transcriptional marker assessment. Our assessment of more than 1500
breast cancer profiles from public repositories showed similar ISI distributions across 10
different datasets, irrespective of molecular subtype or tumor specimen type. One dataset
(GSE7390) had noticeably lower ISI values. This was the only study that used Trizol for
RNA isolation (Supplemental Table S8), suggesting potential bias by tissue processing
protocols. Although ISI levels from FNA biopsies were generally low among ER+/HER2-
and HER2+ specimens as expected due to the typically reduced pre-analytical delays
associated with such biopsies, they were the highest among triple negative (TNBC)
specimens. The pathologic features of TNBCs are more likely to contain rapid growth with
zonal or central necrosis and central regions of fibrous scarring (Reis-Filho and Tutt, 2008),
particularly when such tumors are locally advanced. Such locally advanced tumors are
amenable to FNA and are more likely to be represented in cohorts of patients who received
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neoadjuvant chemotherapy (intended to convert the tumor to operability). The high ISl in
these specimens might reflect the hypoxic conditions in the central necrotic zones that are
generally associated with such carcinomas.

This pilot study however has a number of limitations. First, RNA decay is a dynamic
process that can be affected by many factors including genetic sequence variants,
transcription factors, enzymatic and environmental factors (Duan et al., 2013), and therefore
this study may be too small to account for such effects. Secondly, cold ischemic delay is
only one of the aspects of pre-analytical tissue-handling after surgical excision that could
potentially influence tissue quality for biomarker assessment. Other factors with potentially
confounding effects are warm ischemic time, tissue storage length and storage conditions.
Finally, this study was based on only one tissue type (breast cancer) and the effect of
ischemia on global gene expression may be different in other tumor types (Webster, 2006).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Concordance matrix of global gene expression measurements obtained from specimens

derived from the same tumor. Specimens from tumor MD49 were preserved in RNAlater
immediately after mincing (TO) or after a 40 min delay at room temperature (T40), or were
snap frozen immediately (TO-F) or after a 40 min delay at room temperature (T40-F). The
concordance plots above the diagonal compare the expression levels of all transcripts in each
pair of specimens, with the diagonal line indicating perfect concordance. The corresponding
log ratio vs average (MA) plot for each pair of specimens is shown below the diagonal,
where for each transcript the difference in log2 expression values is plotted against their
mean. Here, the horizontal line through zero indicates perfect concordance; points above the
horizontal line represent transcripts expressed higher in the left-most sample, whereas points
below the line are expressed higher in the second sample (e.g. the M-A plot in the second
row, first column shows expression in TO vs T40; points above the zero line are transcripts
expressed higher in TO and those below are transcripts expressed higher in T40).
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Figure 2.

Boxplots showing the distribution of expression levels of transcripts with higher expression
in aliquots preserved in RNAlater (238 probe sets) (A), and those with higher expression in
snap frozen (SF) (243 probe sets) aliquots (B). Snap frozen samples appear to preserve
highly expressed transcripts more effectively, as indicated by the large number of outlier
transcripts with log2 expression levels above 15.
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Figure 3.
Heatmap showing the expression levels of the 41 probe sets that were significantly affected

by prolonged cold ischemic stress. Expression data were standardized to the same mean and
standard deviation within each sample. Blue indicates low expression and red high
expression. Probe sets were ordered from those most strongly reduced (top) to those most
strongly induced (bottom) with increasing cold ischemic delay. Samples (columns) were
ordered by cold ischemic delay, as shown at the top, and then by sample number.
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Figure 4.

Ischemic Stress Index

Ischemic Stress Index

Ischemic Stress Index (1SI) assessed from the expression levels of 41 mRNA transcripts that
were identified as being particularly sensitive to cold ischemic stress. The plots show that
within each tumor sample, the ISl increases linearly with the actual cold ischemic delay at
room temperature imposed on the tumor specimens before stabilizing them in RNAlater (A).
Also shown is the effect of increasing cold ischemic stress assessed through the Ischemic
Stress Index (ISI) on two genomic signatures, the Endocrine Sensitivity Index — SET (B)
and the Genomic Grade Index — GGI (C). Circles represent the ISI measured from the gene
expression profile obtained from a tissue aliquot preserved at the indicated time, dotted
lines represent the linear regression trend, and solid lines represent a locally weighted
polynomial regression (LOESS smoother).
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Figure 5.

Boxplots showing the distribution of Ischemic Stress Index (ISI) evaluated for gene
expression profiles from different datasets in the GEO repository. All transcriptional profiles
were generated using the Affymetrix HGU133A microarrays and were normalized by
MASS5: (A) non-triple negative breast cancer (ER+/HER2-) datasets involving a total of
1096 profiles (range of size per dataset 19 to 217); (B) TNBC datasets involving a total of
391 profiles (range of size per dataset 12 to 63); (C) HER2-positive datasets involving a
total of 118 profiles (range of size per dataset 7 to 26). The color of the bars reflects the
source of the tissue (CBX — core biopsy; FNA - fine needle aspiration biopsy; Tissue —
surgically resected tissue). Generally, the median ISl for all datasets is 5 or lower, which
corresponds to about 2 hr of cold-ischemic delay (see Figure 4), although some samples
appear to have ISl as high as 10 or greater. Further details on the datasets and sources are
provided in Supplemental Table S8.
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Gene Set Enrichment Analysis for KEGG Pathways Overrepresented in Transcripts Affected by Sample

Preservation

Table 2

KEGG Pathway p-Value  adjusted p-Value® Number of Genes
Transcripts higher in RNAlater

Focal adhesion 2.53E-08 4.28E-06 184
ECM-receptor interaction 1.14E-05 9.62E-04 78
B cell receptor signaling pathway 6.41E-05 3.61E-03 59
TGF-beta signaling pathway 1.90E-04 8.03E-03 76
Citrate cycle (TCA cycle) 1.16E-03 3.80E-02 27
Chondroitin sulfate biosynthesis 1.59E-03 3.80E-02 15
Colorectal cancer 1.99E-03 3.80E-02 79
Pyruvate metabolism 2.01E-03 3.80E-02 33
Proteasome 2.03E-03 3.80E-02 41
Cell cycle 2.52E-03 4.26E-02 101
p53 signaling pathway 5.72E-03 8.55E-02 58
Transcripts Higher in Snap Frozen

Neuroactive ligand-receptor interaction 1.70E-20 2.88E-18 180
Olfactory transduction 9.79E-15 8.27E-13 54
Retinol metabolism 2.53E-07 1.42E-05 34
Ribosome 4.65E-07 1.83E-05 65
Drug metabolism - cytochrome P450 5.40E-07 1.83E-05 45
Taste transduction 7.43E-07 2.09E-05 29
Linoleic acid metabolism 9.11E-05 2.20E-03 22
Metabolism of xenobiotics by cytochrome P450  1.19E-04 2.52E-03 40
Maturity onset diabetes of the young 6.87E-04 1.29E-02 11
Cytokine-cytokine receptor interaction 1.71E-03 2.89E-02 190
Nitrogen metabolism 3.59E-03 5.51E-02 22
Autoimmune thyroid disease 4.60E-03 6.46E-02 38
Calcium signaling pathway 4.97E-03 6.46E-02 141

*
Adjusted p-value by the Benjamini Hochberg approach to account for multiple testing (Benjamini and Hochberg, 1995)

Mol Oncol. Author manuscript; available in PMC 2015 May 01.

Page 21



Aktas et al. Page 22

Table 3

Global Transcriptional Effects of Prolonged Cold Ischemic Stress

Concordance Correlation Coefficient  Differentially Expressed Genes™

Condition
Average Range Average Range
Baseline vs. 20 min 0.916 0.868 to 0.955 83.2 13 to 232
vs. 40 min 0.911 0.874 t0 0.942 88.3 2410 239
vs. 60 min 0.901 0.828 to 0.957 129.9 15 to 535
vs. 120 min 0.889 0.774 t0 0.953 161.0 19 to 762
vs. 180 min 0.899 0.844 t0 0.938 128.8 35t0 377

*
Log2-fold (Baseline vs. Time Delay) > 3
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