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Protein abundance and phosphorylation convey impor-
tant information about pathway activity and molecular
pathophysiology in diseases including cancer, providing
biological insight, informing drug and diagnostic develop-
ment, and guiding therapeutic intervention. Analyzed tis-
sues are usually collected without tight regulation or doc-
umentation of ischemic time. To evaluate the impact of

ischemia, we collected human ovarian tumor and breast
cancer xenograft tissue without vascular interruption and
performed quantitative proteomics and phosphoproteo-
mics after defined ischemic intervals. Although the global
expressed proteome and most of the >25,000 quantified
phosphosites were unchanged after 60 min, rapid phos-
phorylation changes were observed in up to 24% of the
phosphoproteome, representing activation of critical can-
cer pathways related to stress response, transcriptional
regulation, and cell death. Both pan-tumor and tissue-
specific changes were observed. The demonstrated im-
pact of pre-analytical tissue ischemia on tumor biology
mandates caution in interpreting stress-pathway activa-
tion in such samples and motivates reexamination of col-
lection protocols for phosphoprotein analysis. Molecular
& Cellular Proteomics 13: 10.1074/mcp.M113.036392, 1690–
1704, 2014.

Genomic analysis of thousands of tumor samples from
multiple cancer types is currently being carried out by con-
sortia such as the Cancer Genome Atlas (TCGA)1 and the
International Cancer Genome Consortium. These studies are
yielding new insights into the biology of breast (1), brain (2),
colon (3), lung (4), ovarian (5), and endometrial cancers (6, 7).
In clinical trial settings, tumor biopsies are also being charac-
terized to identify the molecular basis for drug response and
to identify therapeutic targets (8). There is growing recognition
that proteomic characterization of genomically annotated sam-
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ples could provide complementary as well as unique informa-
tion on cancer biology and signaling that is inaccessible
through DNA and RNA analysis alone. In response to this
perspective, reverse-phase protein array (RPPA) technology
(9) has been incorporated into the analysis pipeline for TCGA
samples. RPPA is a highly parallelized, chip-based dot-blot
approach employing very well-characterized anti-protein and
anti-phosphopeptide antibodies. The power of proteomics in
the context of TCGA has recently been highlighted by the
ability of RPPA to identify new molecular taxonomies in breast
cancer subtypes not discernible via genomics (1). A limitation
of RPPA is that only around 200 antibodies are currently
demonstrated to work well in this methodology.

We hypothesized that concurrent and complementary eval-
uation of the functional proteomes (including posttranslational
modifications) of tumors will improve our ability to diagnose,
treat, and prevent cancers by enabling a better understanding
of the molecular basis of these diseases, especially when
integrated and analyzed together with the comprehensive
genomic characterization information. Recent advances in the
preparation of samples and their quantitative analysis by
means of mass-spectrometry-based proteomics and phos-
phoproteomics now yield datasets covering nearly half of the
predicted proteome and identifying many thousands of phos-
phopeptides (10–14). These advances have sparked efforts
utilizing state-of-the-art proteomics to characterize the pro-
teomes and define changes in the posttranslational modi-
fication landscape of tumor samples. The National Cancer
Institute’s Clinical Proteomic Tumor Analysis Consortium is
therefore characterizing the proteomes of large numbers of
breast, colon, and ovarian tumor samples that have been
genomically characterized as part of the TCGA program.

A concern faced by the Clinical Proteomic Tumor Analysis
Consortium program is that the samples provided by TCGA
for proteomic analysis were not obtained with proteomic
studies in mind. Importantly, the total duration of ischemia
prior to sample freezing is generally unknown in TCGA sam-
ples but frequently spans tens of minutes to over an hour. The
total ischemia duration comprises a period of warm ischemia
corresponding to the time from blood vessel ligation to sur-
gical excision and then cold ischemia corresponding to the
delay time to freezing post-excision (usually a mix of trans-
portation time to pathology and pathological analyses). Until
now, the effect of cold ischemia on the stability of proteins
and phosphosites has primarily been studied only for selected
candidate proteins and phosphosites for which high-quality
antibodies were available. A study employing AQUA, a quan-
titative immunofluorescence technique, found slightly increased
expression of hypoxia inducible factor but no changes in protein
abundance in the four breast cancer biomarker proteins ER, PR,
HER2, and Ki67 over a time span of up to 7 h, though signal
reduction occurred in a subset of samples at longer intervals of
up to 48 h of cold ischemia (15). In another study employing
immunohistochemistry, the breast cancer biomarker proteins

ER, PR, and Her2 were found to be stable for up to 2 h at room
temperature (16). Evidence from RPPA studies evaluating the
time course of changes induced by cold ischemia has shown
that even when the total protein levels and levels of many
phosphoproteins are constant, the phosphorylation stoichiom-
etry of specific proteins can change, in some cases significantly
(9, 17). For example, Espina et al. used 55 phosphosite-specific
antibodies in RPPA format to show that in various tissues,
including breast, ovary, colon, and endometrium, cold ische-
mia can cause up to a 2-fold variation in phosphorylation
abundance and that these processes can be augmented by
phosphatase inhibitors and reduced by kinase inhibitors (17)
or heat stabilization (18). However, because of clinical sample
handling limitations, the earliest time points evaluated in this
study occurred between 4 and 40 min after tissue resection
with an average time to cryopreservation of 19.3 min (17). The
duration of blood vessel ligation, a common procedure in
nearly all surgeries, was not noted, and so the actual total
ischemia times (warm ischemia plus cold ischemia) might
have been longer. Hennessy et al. analyzed the effects of cold
ischemia in breast cancer tumor samples using RPPA and
found that 21 of 82 proteins and phosphoproteins demon-
strated time-dependent instability at room temperature be-
tween 6 and 24 h of cold ischemia but exhibited few effects at
earlier time points (9). Gundish et al. used both RPPA and
LC-MS/MS to analyze a time course of cold ischemia in
normal liver tissue from mouse and rat (34). No significant
changes were observed in the phosphoproteome after up to
60 min of cold ischemia, in agreement with the findings of
Hennessy et al. In the LC-MS/MS study by Gundisch et al.,
approximately 1700 phosphosites were quantified, but no
statistically significant alterations of individual phosphosites
after over 60 min of cold ischemia were found. A few other
unbiased mass-spectrometry-based proteomic studies of
cold ischemia have been reported. These studies identified a
small number of proteins that changed in abundance (primar-
ily as a result of degradation, presumably via proteolysis) after
long (� 3 h) periods of cold ischemia (19, 20). For example, Li
et al., using two-dimensional fluorescence difference gel elec-
trophoresis in conjunction with mass spectrometry, identified
26 proteins that changed over 48 h of cold ischemia time,
chiefly as a result of degradation (20). The sample collection
and analysis approaches used in most of these studies did
not permit assessment of changes within the one-hour inter-
val investigated in our study.

Before embarking on analyses of posttranslational modifi-
cations in TCGA-profiled tumor samples, we wanted to better
understand the potential effects of ischemia on the proteome
and phosphoproteome of tumor tissue. Here we describe our
time-course studies of patient-derived xenografts of human
breast cancer tumors and patient-derived ovarian cancer tu-
mors. Tumor tissues were excised prior to vascular ligation in
order to accurately define the ischemia time, and they were
prepared centrally using a cryopulverization method that main-
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tained the tissue in a frozen state. Samples were analyzed using
a common sample-processing workflow for global, quantitative
proteome and phosphoproteome analysis using iTRAQ chem-
ical mass tag labeling for quantification (11, 21) and state-of-
the-art high-performance, multidimensional LC-MS/MS on
high-performance mass spectrometers for data collection.

EXPERIMENTAL PROCEDURES

Preparation of Ovarian Tumor Samples for Proteomic Analysis—
After obtaining consent to Institutional Review Board–approved pro-
tocols, we collected tissue from high-grade serous ovarian carcinoma
tumors from four patients. Immediately after resection, the tumors
were dissected into four contiguous and adjacent strips, each no
larger than 10 mm � 3 mm � 3 mm. Tumor strips were placed into
cryovials and frozen in liquid nitrogen at specified time points.

Generation and Preparation of Xenograft Tumor Samples for Pro-
teomic Analysis—All human tissues for these experiments were pro-
cessed in compliance with NIH regulations and institutional guidelines
approved by the Institutional Review Board at Washington University.
All animal procedures were reviewed and approved by the Institu-
tional Animal Care and Use Committee at Washington University in St.
Louis, MO. Patient-derived xenograft (PDX) tumors from established
basal (WHIM6) and luminal (WHIM20) breast cancer subtypes were
raised subcutaneously in 8-week-old NOD.Cg-Prkdcscid Il2rgtm1Wjl/
SzJ mice (Jackson Labs, Bar Harbor, ME) as previously described
(22, 23). Tumors from each animal were harvested by surgical exci-
sion at �1.5 cm3, rapidly divided into four pieces, and snap-frozen by
immersion in a liquid nitrogen bath at times 0 (�30 s), 5, 30, and 60
min post-excision.

Protein Extraction, Digestion, Labeling, and Mass Spectrometry
Analysis of Peptides from Patient-derived Ovarian Tumors and Breast
Cancer PDX Models—Proteins extracted from tumor tissues (�50-mg
tissue weight for ovarian and �100-mg tissue weight for breast can-
cer xenograft) were reduced, alkylated, and subjected to enzyme
digestion. Peptides were labeled with 4-plex iTRAQ reagents and
separated using an off-line high pH (7.5 or 10) reversed-phase col-
umn. Fractions were collected and concatenated (14, 24) into 24
fractions, and 5% of each fraction was analyzed via LC-MS/MS for
quantitative global proteomics measurement. The remainder (95%) of
each of the 24 fractions was further concatenated into 12 fractions,
and phosphopeptides were enriched using immobilized metal (Fe3�)
affinity chromatography prior to LC-MS/MS analysis.

Peptides from ovarian cancer samples were analyzed using a
nanoLC system coupled to an LTQ-Orbitrap-Velos MS (Thermo Scien-
tific) at Pacific Northwest National Laboratories. Peptides from breast
cancer PDX samples were analyzed using a nanoLC system coupled
to a Q Exactive MS (Thermo Scientific) at the Broad Institute. All mass
spectrometry data were analyzed using the Spectrum Mill software
package, v4.1 beta (Agilent Technologies, Santa Clara, CA). Peptide
identifications and quantification information were further combined
into protein and phosphosite tables. Statistical analysis of cold-ische-
mia regulated proteins and phosphosites via kinetic modeling and
moderated F-test was performed using the R software environment
(version 2.15.2).

RPPA Analysis—Protein expression or phosphorylation was mea-
sured via RPPA as previously described (9).

More detailed experimental methods are presented in the supple-
mental “Materials and Methods” section.

RESULTS

Experimental Design to Study Effects of Cold Ischemia on
the Proteome and Phosphoproteome of Ovarian and Breast

Cancer Samples Using Quantitative LC-MS/MS—In this
study we analyzed the effect of delayed freezing on protein
and phosphoprotein stability in tumor samples derived from
four ovarian cancer patients and two breast cancer PDXs (one
basal and one luminal) (22). Blood vessels were not ligated
prior to tumor excision, which eliminated effects of warm
ischemia. Individual tumor samples were cut into four sec-
tions, which were subsequently stored at room temperature
for predefined time intervals (Fig. 1A). Upon partitioning, the
first section was frozen immediately with a time span of less
than 1 min from excision to freezing in liquid nitrogen. Later
time-point sections were left at room temperature and frozen
after 5, 30, or 60 min in order to investigate the kinetics of
changes in the proteome and phosphoproteome caused by
delayed freezing.

The ovarian tumors were obtained from four individual can-
cer patients with high-grade serous ovarian carcinoma, and
the four time-point samples per patient were derived from four
contiguous, adjacent portions of the same tumor. Although
the use of surgically excised tumors was desirable because it
recapitulated a typical biospecimen collection scenario, it was
recognized that intratumor heterogeneity (e.g. genetic differ-
ences or differences in non-tumor elements) could result in
proteomic variations not related to ischemic time. To address
this concern, as well as to extend our analysis to another
tumor type, we carried out the same ischemia time-course
study in xenografts from two distinct molecular phenotypes of
breast cancer, ER� (luminal) and ER� (basal-like). Tumor
xenografts have less cellular infiltration and therefore are less
heterogeneous than tumors excised from patients. Addition-
ally, because the total tumor material was not limiting for the
breast cancer xenograft samples, we pooled 5 to 10 xeno-
grafts (derived from the same luminal and basal-like tumors)
at each time point to dampen the effects of biological varia-
bility. We generated three individual pools for the basal and
the luminal breast cancer xenograft samples which can be
considered as biological replicates, as each individually
grown xenograft tumor was present only in one pooled
sample.

For analysis of the proteome and phosphoproteome, frozen
tumor samples were cryofractured, and proteins were ex-
tracted with an 8 M urea buffer and digested into peptides
using trypsin (Fig. 1B). For relative quantification across the
four ischemia time points of each tumor, peptide samples
were chemically labeled with iTRAQ reagents and subse-
quently combined into a single sample. iTRAQ labeling cova-
lently attaches isotope-coded isobaric mass tags to primary
amine groups at the N termini of peptides and lysine side
chains. Upon fragmentation in the mass spectrometer, re-
porter ions at defined masses are released, and the ratios of
these reporter ions to one another enables relative quantifi-
cation (21). After iTRAQ labeling, peptide samples were frac-
tionated using basic reverse-phase liquid chromatography to
reduce the overall sample complexity per fraction and thus
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increase the depth of coverage (24). Basic reverse-phase
liquid chromatography fractions were combined in a noncon-
tiguous manner into 24 proteome and 12 phosphoproteome
fractions, with 5% of the total material contributing to the
proteome analysis and 95% to the phosphoproteome analy-
sis. Phosphopeptides were further enriched using immobi-
lized metal affinity chromatography.

Cold Ischemia Induces Significant Changes in Protein Phos-
phorylation but No Changes in Overall Protein Abundance—Our
quantitative LC-MS/MS platform was extensively tested
within the Clinical Proteomic Tumor Analysis Consortium pro-
gram to ensure the reproducibility of peptide identification and
quantification for proteome and phosphoproteome analysis.
Average Pearson correlations for the process replicate anal-
ysis of breast cancer xenograft tumors were r � 0.808 on the
proteome level and r � 0.812 on the phosphoproteome level.
Using our platform, nearly 15,000 different proteins and up to
26,000 distinct phosphosites were reproducibly quantified in

at least two tumor samples (Table I, supplemental Tables S1
and S2). Among these were 86 phospho-tyrosine (pTyr) sites
and 202 pTyr sites that were reproducibly measured in the
ovarian and breast cancer tumor samples, respectively. The
total protein and phosphosite counts were in general higher
for xenograft than for human ovarian tumor samples, in part
because the xenograft samples contained additional proteins
from mouse stroma (no more than 20% based on genomic
analysis), but also because the breast tumor samples were
analyzed using a more sensitive mass spectrometer (see sup-
plemental “Materials and Methods”). To identify consistent
ischemia-induced alterations, we employed two complemen-
tary statistical tests. The first approach assumed that most of
the changes were unidirectional and governed by the first-
order chemical kinetics rule. In this method we used a non-
linear regression with three degrees of freedom that fit initial
abundance, final abundance, and a kinetic constant. The sec-
ond approach did not rely on an explicit assumption that the

FIG. 1. Quantitative proteome and phosphoproteome analysis of human ovarian tumors and xenograft breast tumors subjected to
controlled ischemia. A, experimental design to study effects of post-excision delay time before freezing across four time points. After excision,
tumor samples were cut into four equal pieces and incubated for the indicated times at room temperature before freezing. A total of four
different ovarian tumors and three pooled breast cancer xenograft samples for the basal and for the luminal subtype were analyzed. All of these
samples were biologically distinct and can be considered as biological replicates. B, quantitative proteomics and phosphoproteomics workflow
using 4-plex iTRAQ labeling. Tumor samples were cryofractured and proteins were extracted with urea lysis buffer prior to digestion into
peptides using trypsin. Peptide samples derived at four different ischemic time points were labeled using iTRAQ reagents, mixed equably, and
separated using high-pH reversed-phase chromatography. Fractions were combined in a noncontiguous way into 24 fractions for proteome
analysis (5% of the total material) and 12 fractions for phosphoproteome analysis (95% of the total material). Ovarian cancer samples were
analyzed on an LTQ-Orbitrap Velos, and xenograft breast cancer samples were analyzed on a Q Exactive mass spectrometer. Phosphosite and
protein identification and quantification were achieved using Spectrum Mill.
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changes followed a particular pattern. Instead, each time
point was treated as an independent group in an analysis of
variance, with statistical significance assessed using a mod-
erated F-test. This allowed us to capture additional trends that
were not unidirectional. Proteins and phosphosites with a
Benjamini–Hochberg corrected p value of �0.01 in either test
(i.e. the union of significant proteins/phosphosites) were con-
sidered to be regulated by ischemia. In this analysis, we used
a relatively stringent p value of 0.01 (compared with the usual
p value of 0.05) for statistical significance in order to minimize
false positive results. When the number of samples studied is
relatively small, as in this study, borderline p values can
change in significance as more samples are analyzed. As with
any statistical analysis, we expected that the list of phospho-
sites ranked as significant would include some false positives
and false negatives. We provide tables of p values for all
proteins and phosphosites (supplemental Tables S1 and S2)
to facilitate assessment of significance not based on a spe-
cific p value threshold.

We did not detect a single significantly regulated protein
with altered abundance levels at up to 60 min of ischemia time
for any of the ovarian tumor samples or for the luminal and
basal-like PDX samples. In contrast, significant ischemia-in-
duced changes in the phosphoproteome were observed for all
analyzed tumor types (Table I). The kinetics-based regression
and the moderated F-test analysis (analysis of variance) iden-
tified a largely overlapping set of regulated phosphorylation
sites for a given tumor; only a small number of changes were
identified uniquely by only one of the statistical tests (supple-
mental Fig. S1). Response to cold ischemia was asymmetri-
cally distributed, with more phosphorylation sites being up-
regulated than down-regulated for all of the tumors (Fig. 2).
The largest changes in ischemia-induced phosphorylation
were observed for the luminal breast cancer PDX, which
exhibited 19.8% up-regulated and 4.5% down-regulated
phosphorylation sites at a 1% false discovery rate (Table I).
The ischemic behavior of ovarian and basal-like breast cancer
samples, which have been proposed to be molecularly similar
(1), was less dramatic, with 4.6% and 5.7% up-regulated and

1.2% and 3.9% down-regulated phosphorylation sites, re-
spectively. For these three tumor types, only the tails of the
density distribution of Log2 ratios increased with ischemic time.
In contrast, the global median of the luminal breast cancer
phosphoproteome was shifted to increased abundance levels
(Fig. 2). The effects of cold ischemia on pTyr sites were com-
parable to those observed on pSer/pThr sites in the whole
phosphoproteome analysis. In the ovarian cancer and basal-like
breast cancer samples, 8% of all pTyr sites were up-regulated
and 2% to 4% were down-regulated. Ischemia-regulated pTyr
sites were more frequent in the luminal tumors, with 13.6%
up-regulated and 5.4% down-regulated sites.

Kinetic Analysis of Phosphoproteome Dynamics Reveals
Phosphosites That Change as Early as 5 min After Sample
Excision—To identify temporal trends, we used fuzzy c-means
clustering (25) to assign membership of all regulated phos-
phorylation sites from all three tumor types in nine different
clusters with different temporal profiles. These clusters were
further combined into three up- (U) and three down- (D) reg-
ulated groups (Fig. 3A). In addition, we calculated the median
half-activation times for all sites that belonged to one of these
groups to determine at what time these sites had reached
50% of their maximum alteration (saturation). The early
groups U1 and D1 showed T1/2 values of 3 and 2 min, and the
late groups U3 and D3 had values of of 46 and 34.4 min,
respectively. The number of phosphorylation sites grouped into
the different temporal clusters varied across all three tumor
types (Fig. 3B). Enrichment analysis of Gene Ontology Biolog-
ical Process (GO BP) terms for the up-regulated clusters
revealed activation of MAPK cascade and Ras signaling path-
ways for the early group U1 (Fig. 3C). Specific activation of
transcriptional regulators was observed for the medium group
U2, and regulation of chromatin modification and assembly
(among other biological processes) was noted for the late
group U3. In the down-regulated clusters D1–D3, regulation of
Rho, Ras, and GTPase signal transduction and regulation of
cytoskeleton organization were among the more highly en-
riched GO BP terms. Fewer GO BP terms were enriched for
groups D1–D3 because of the smaller number of down-reg-

TABLE I
Number of quantified and ischemia-regulated phosphosites and proteins in ovarian and breast cancer tumors

Number of
tumor, samples Total Average per

tumor sample
Overlap in at least

n � 1 samples
Kinetics-based
regression testa

Moderated
F-testa

Union of
both testsa

Percent
regulatedb

Quantified phosphorylation
sites

(Up/down) (Up/down) (Up/down) (Up/down)

Ovarian cancer 4 23,607 13,156 9443 307/97 386/63 432/111 4.6/1.2
Basal breast cancer 3 38,366 27,668 26211 1252/948 1156/633 1493/1027 5.7/3.9
Luminal breast cancer 3 34,327 25,814 25102 4154/820 4220/962 4977/1139 19.8/4.5
Quantified proteins
Ovarian cancer 4 9498 7550 6985 0/0 0/0 0/0 0/0
Basal breast cancer 3 17,158 14,989 14,970 0/0 0/0 0/0 0/0
Luminal breast cancer 3 14,224 12,641 12,679 0/0 0/0 0/0 0/0

a Significant regulation at a kinetics-based regression test or moderated F-test false discovery rate p � 0.01.
b Percent regulated phosphosites and proteins within overlap dataset.
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FIG. 2. Global proteome analysis revealed no changes in protein abundance level, but specific alterations in the phosphoproteome
induced by ischemia were observed. Density plots are shown for averaged phosphosite iTRAQ ratios (labeled with “pSTY”) and protein
iTRAQ ratios (small insets) for the ovarian cancer (OC) samples and the basal-like and luminal breast cancer (BC) samples. Only phosphosites/
proteins were plotted that were quantified in at least three ovarian tumors and at least two basal-like or luminal tumor samples.

FIG. 3. Temporal dynamics of phosphorylation changes resulting from cold ischemia. A, fuzzy c-means clustering of temporal profiles
for all regulated phosphosites observed in the ovarian and breast cancer samples. We detected six up-regulated (U) clusters, which were
further grouped pairwise into early (U1), middle (U2), and late clusters (U3), and three down-regulated (D1, D2, D3) clusters using a fuzzyfication
parameter m � 1.6. Phosphosites were assigned to each cluster with a membership value � � 0.7. T1/2 indicates the median over all
half-maximum time points for all phosphosites within a cluster. Half-maximum time points were determined via first-order kinetic modeling
analysis. B, number of regulated phosphosites assigned to each cluster for the ovarian and breast cancer tumors. C, gene enrichment analysis
of regulated human phosphoproteins across early, middle, and late clusters. We used DAVID Bioinformatics Resources 6.7 (39) to test for
enrichment of GO BPs in each cluster relative to a list of all proteins containing nonregulated sites using a modified Fisher’s exact test (EASE
score). GO BP categories with p � 0.01 and a minimum occurrence of �10 genes/proteins were called significant. p values were �Log10
transformed, and the transformed values for each annotation were plotted as a heat map in Gene-E.
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ulated phosphorylation sites. The response kinetics in the
different tumor types were slightly offset, with some kinases
appearing in different temporal clusters for the different tumor
types (supplemental Fig. S2).

Common Phosphoproteome Changes Induced by Cold Is-
chemia Are Observed Independent of Tumor Type—To define
the set of ischemia-regulated phosphorylation sites in com-
mon across the ovarian and the two breast cancer samples,
we plotted all time-point ratios measured in at least two
different tumor types and calculated intertumor Pearson cor-
relation coefficients (Fig. 4A). The intertumor type correlation
increased with longer ischemia time and reached r values of
0.6 at 30 and 60 min. The intratumor type correlation (which
for breast constituted replicate analyses of differing pools) for
the 60-min time-point ratios was r � 0.66 for the basal-like
breast tumors, r � 0.80 for the luminal breast tumors, and r �

0.39 for the ovarian tumor samples. As expected, we ob-
served a higher degree of biological variability among the
individual ovarian tumor samples than among the pooled
replicate samples for the basal-like and luminal breast xeno-
graft samples (supplemental Fig. S3). Averaging values across
samples conserved commonly regulated effects and im-
proved the intertumor relative to the intratumor correlation for
ovarian cancer. Across all three tumor types we found 137
phosphorylation sites to be commonly up-regulated and 21 to
be down-regulated (Figs. 4B and 4C; Table II). These 158
commonly regulated phosphorylation sites were identified as
regulated with a false discovery rate less than 0.01 in each
individual tumor type. Therefore, it is very unlikely that any of

the sites observed to be regulated in common across the
three different tumor types were false positives.

We also analyzed the enrichment of KEGG pathways
among all cold-ischemia-regulated phosphoproteins for each
tumor type and found that most enriched pathways were
detected in at least two of the tumor types (supplemental Fig.
S4). Activation patterns of MAPK and the ErbB signaling
pathway were common to all three tumor types. Among the
most enriched tumor-specific biological processes were the
activation of RIG-1-like receptor signaling pathway in basal
breast cancer, up-regulation of mTOR signaling, WNT signal-
ing and adherens junctions in luminal breast cancer, and
up-regulation of vascular smooth muscle contraction in ovar-
ian cancer. Among the three tumor types evaluated, the lumi-
nal breast cancer samples exhibited the greatest number and
percentage of uniquely regulated phosphosites. This indi-
cates that there might be tissue-specific changes across lin-
eages that should ideally be assessed prior to the analysis of
patient samples in each tumor lineage.

Cold Ischemia Induces Changes in Kinase Phosphorylation
Status Across All Major Kinase Subfamilies—Next, we inves-
tigated how different protein kinase subfamilies were affected
by cold ischemia induced by delayed freezing of tumor tissue.
We quantified phosphorylation sites on more than 360 human
protein kinase isoforms in this study. In total, 14 protein kinases
with regulated phosphorylation sites were detected in all three
tumor types (Fig. 5A): EGFR (pT693), ARAF (T181, S186),
Erk1/MAPK3 (Y204), Erk2/MAPK1 (T185, Y187), p38a/
MAPK14 (Y182), PKCD (S304), PRKD2 (S214), PRKD3 (S731),

FIG. 4. Ischemia induced common phosphorylation events in ovarian and basal-like/luminal breast cancer tumor samples. A, scatter
plots of averaged phosphosite ratios (5:0, 30:0, and 60:0) over at least three ovarian tumors (OC) and at least two basal-like (BA) or luminal (LU)
breast cancer samples. X and Y indicate which tumor type is plotted on the respective axis. Intertumor Pearson correlation coefficients are
indicated for each tumor type comparison. B, C, Venn diagrams of the overlap of up-regulated (B) and down-regulated (C) phosphosites
between ovarian and basal-like/luminal breast cancer samples.
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TABLE II
Commonly regulated phosphorylation sites that were significantly altered as a result of cold ischemia in ovarian cancer as well as in basal and

luminal breast cancer
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NEK7 (S187), NEK9 (S332), RSK2 (T577), RSKL1 (S583),
mTOR (S1261), and Sgk269/PEAK1 (S1217). These com-
monly regulated kinases, as well as tumor-specifically regu-
lated kinases, were evenly distributed among all major kinase
subfamilies (Fig. 5A). We found that 48% of all kinases con-
tained a regulated site for the luminal breast tumors, in con-
trast to 17% and 29% for the ovarian and basal breast tu-

mors,respectively. This is consistent with the overall higher
level of ischemia-induced changes observed in the luminal
subtype.

Common Ischemia-regulated Phosphoproteins Belong to
an EGFR/MAPK Signaling Module—We further analyzed the
set of 139 commonly regulated phosphoproteins for modules
of proteins that physically interact with each other or have

FIG. 5. Stress-response kinases were affected by cold ischemia. A, kinases detected with and without regulated phosphosites were
mapped in a dendrogram of the human kinome (40) using KinomeCluster. Ischemia-regulated kinases were observed across all major kinase
subfamilies. B, protein–protein interaction and kinase-substrate network of phosphoproteins commonly regulated in all analyzed ovarian and
breast cancer samples. High confidence, experimentally validated protein–protein interaction information was obtained from the STRING
protein interaction database (26). Kinase–substrate relationships were derived from the PhosphoSite database (27). Protein–protein interaction
and site-specific kinase–phosphosite relationships were illustrated using Cytoscape (41), with blue edges indicating protein–protein interac-
tions and red dashed arrows indicating kinase–substrate relationships. Up-regulated phosphosites are shown in green, and down-regulated
sites are in red. Kinases are depicted as squares, whereas all other proteins appear as circles.
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been described as kinase–substrate pairs. Using curated
protein–protein interaction information from the STRING da-
tabase (26) and site-specific kinase–substrate relationship in-
formation from the PhosphoSitePlus database (27), we were
able to group 30 of these ischemia-regulated phosphopro-
teins into a functional protein network (Fig. 5B). This network
was dominated by proteins involved in EGFR and MAPK
signaling. The EGFR was up-regulated at T693, a site involved
in receptor internalization (28) and suppression of EGF-in-
duced JNK activation (29). Distal to EGFR, the adaptor protein
SHC1 and the phosphatase PTPN12 were detected, which
bind to EGFR and are involved in MAPK activation. P38/
MAPK14, Erk1/MAPK3, and Erk2/MAPK1 were up-regulated
on phosphosites in their activation loops, and sites on pro-
teins downstream of Erk1/MAPK3 such as stathmin 1 and
capicua were also up-regulated. As EGFR T693 phosphory-
lation has a negative effect on its downstream signaling and
p38/MAPK14, Erk1/MAPK3, and Erk2/MAPK1 can directly
phosphorylate the EGFR at this site (28), we suggest that
phosphorylation of the T693 site in EGFR could be involved in
negative-feedback regulation of the EGFR due to cold
ischemia.

We also mapped regulated phosphosites to the KEGG da-
tabase JNK and p38 MAPK pathways (supplemental Fig. S5).
The p38/MAPK14 pathway was up-regulated in all tumor
types, whereas the JNK pathway was observed to be up-
regulated only in the luminal breast cancer tumors. Of note,
JNK is also known as stress-activated kinase or SAPK, and
p38 has also been characterized as a stress-response kinase.
Interestingly, DNA and RNA sequencing analysis of the lumi-
nal breast tumor revealed a splice site mutation in the stress-
pathway kinase MAP3K1 that generates an out-of-frame tran-
script (22). MAP3K1 phosphorylation was not observed to be
up-regulated in the luminal PDX, in contrast to the basal line.
However, contrary to expectations for loss of MAP3K1 func-
tion, the JNK pathway was strongly activated by ischemia
(supplemental Fig. S5). This suggests a MAP3K1-indepen-
dent activation mechanism for the JNK pathway that could
increase cell survival when ischemia-like conditions occur in
an evolving, growing tumor, similar to events proposed in
cardiac myocytes (30). Specific phosphorylation of apoptosis-
inducing caspases (CASP2/3/9) was also only observed in the
luminal breast cancer tumors.

Among the other commonly regulated phosphoproteins
(Fig. 5B), a group of proteins was found that functioned in
mRNA export (NUP214), translation (EIF4G1), and poly(A)-tail
shortening (PARN, TNKS1BP1). Pleiotropic regulators of mi-
totic progression such as Nek7 and Nek9 were also regulated
on phosphosites by ischemia, as were transcriptional regula-
tors (TRIM28) and pro-apoptotic regulators (BAD).

Comparison of Results Obtained via Quantitative Mass-
spectrometry-based Proteomics and RPPA—Because RPPA
measurements are widely used to investigate cancer-relevant
signaling pathways, we compared the results obtained via

quantitative LC-MS/MS with results obtained via RPPA on the
same samples of all tumors in the current study. The RPPA
studies used 40 phosphosite-specific antibodies, 10 of which
were to pTyr sites. We successfully identified 25 and quanti-
fied 23 of the 40 phosphosites measured based on these
antibodies in our phosphoproteome analysis using LC-MS/
MS, including 7 of 10 pTyr sites. We observed a good corre-
lation of results for the ovarian, basal-like breast, and luminal
breast cancers, with Pearson correlation values of r � 0.79,
0.83, and 0.75, respectively (supplemental Fig. S6, supple-
mental Table S3). Of the 15 phosphosites detected via RPPA
but not LC-MS/MS, 10 were located in surrounding se-
quences that upon tryptic digestion would yield peptides ill
suited to mass spectrometric identification—that is, peptides
shorter than 5 amino acids or longer than 30 amino acids with
only a single basic residue. Lack of detection of the remaining
5 (of 40) phosphosites via LC-MS/MS might have been due to
greater sensitivity of the phosphoantibodies for these sites or
unexpected cross-reactivity of the antibodies leading to false
positive identification in RPPA. Protein-level quantification via
RPPA for 87 proteins across all tumor types revealed, in
agreement with our MS data, no changes at the protein level
due to cold ischemia (supplemental Table S3). Across all
tumor types, 85 of these proteins were identified with two or
more peptides, and 80 proteins were quantified in at least two
tumors with mass spectrometry.

DISCUSSION

In this study, we systematically analyzed the effect of up to
one hour of cold ischemia time on the stability of the pro-
teome and phosphoproteome of ovarian and breast cancer
tumor samples. Cold ischemia is a complex physiological
perturbation that integrates the effects of tissue stress, hy-
poxia, hypoglycemia, acidosis, hypothermia, and electrolyte
disturbance. It is of special relevance in tissue profiling as
both a pervasive and a comparatively modifiable preanalytical
variable. The one-hour end point we chose to study is partic-
ularly pertinent because it represents a convergence of three
important parameters: the cold ischemic time allowed in
TCGA tumor tissue acquisition protocols, the upper limit of
cold ischemic time recommended by the American Society of
Clinical Oncology guidelines for breast cancer tumor marker
assessment (31), and the upper bound on intervals typically
reported for those aspects of sample processing that contrib-
ute to routine cold ischemia, including specimen transport to
pathology and macroscopic evaluation by a pathologist (19).

The extent of the proteome and phosphoproteome de-
tected and quantified in our study is the largest in any ische-
mia study and among the largest in any proteomics experi-
ment to date, owing to advances in sample preparation, use
of the latest generation LC-MS instrumentation, and statisti-
cally rigorous data analysis methods. Our comprehensive
proteome analysis, which greatly expands on prior studies of
the consequences of cold ischemia on protein expression (15,
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16), revealed that none of the �10,000 proteins detected and
quantified changed in abundance as a result of cold ischemia
in a time span of up to one hour post-excision. However,
because of the inability of conventional “bottom-up” MS-
based proteomics technology to analyze the integrity of intact
proteins (as samples are digested to peptides prior to analy-
sis), we cannot exclude the possibility that limited proteolysis
such as apoptotic regulation by caspases occurs at early time
points of cold ischemia. Protein stability across this level of
coverage, which approaches the anticipated scale of the ex-
pressed proteome, provides compelling evidence that the
results of quantitative global proteomics are robust to the
common vagaries of post-excision tissue handling in surgical
and pathology suites. These findings are similar to those
obtained in a study on mRNA integrity in breast cancer tissue
in which no substantial effects on mRNA yield/integrity or
transcript expression were detected after either 40 min or
three hours of cold ischemia (32).

Although the global proteome is remarkably stable, the
impact of cold ischemia on the phosphoproteome is more
pronounced, with some alterations occurring within 5 min of
removal of the tissue from its blood supply, the earliest post-
baseline time point investigated in this study. Between 6%
and 24% of the more than 25,000 distinct, chiefly pSer or pThr
phosphosites we identified were observed to be regulated by
cold ischemia in one or more of the three tumor types we
analyzed. Importantly, our study therefore identified a large
subset of the phosphoproteome that remains relatively stable
and can be accurately measured, even in samples subjected
to a full hour of cold ischemia. These results suggest that
phosphoproteome analysis of the TCGA tumor samples can
proceed with an acceptable expected yield of biologically
relevant phosphoprotein data.

We observed a common phosphosite signature of cold
ischemia response in the ovarian and breast cancer tumors
consisting of 137 up- and 21 down-regulated sites that un-
derwent up to 6-fold alterations in abundance (Table II, sup-
plemental Fig. S7). The strong increase in phosphorylation
across tumor types induced by cold ischemia mainly involved
the activation of MAPK stress-response pathways, apoptosis,
and transcriptional regulation. Among the ischemia-regulated
proteins were proteins such as p38/MAPK14 (Y182) and Erk1/
MAPK3 (Y204) that have previously been shown via RPPA to
change as a result of ischemia (17). Although some phospho-
sites were observed to decrease in common across all three
tumor types examined, the signature of increased phosphor-
ylation was far stronger, suggesting that kinase activation is a
more pervasive response than loss of phosphorylation due to
increased phosphatase activity. Minor differences in the ki-
netics of protein phosphorylation were observed between the
different tumor types, which might have been due to different
baseline tissue oxygenation or vascularization. The common
phosphosite signature of cold ischemia response we ob-
served, or one derived from it, could, in principle, be used to

identify tumor samples that underwent strong cold ischemic
stress conditions, and potentially to estimate the duration of
the shock period. Such information could then inform the
interpretation of experimental results. The generalizability of
the signature to other tumors and tissues has not yet been
demonstrated, but it is readily testable. We are developing
targeted MS-based assays (multiple reaction monitoring MS
or similar) employing stable-isotope-labeled internal standard
peptides for a number of the ischemia-marker candidates to
facilitate such analyses (33). Furthermore, although warm is-
chemia was not explicitly addressed in this study, the nature
of the tissue insult is in many respects comparable to that of
cold ischemia, and it is plausible that our data could provide
the foundation of a global ischemia signature. The importance
of establishing such quality standards for samples used for
proteomic and phosphoproteomic analysis is clear.

Our results are in partial agreement with a previous report
by Espina and colleagues, who found through RPPA analysis
that apoptosis, hypoxia, and proliferation-related proteins in-
crease transiently within the initial 30 min post-excision (17).
The effects observed in our study were larger in amplitude
and did not return to baseline, possibly because of tissue-
specific differences or the longer total ischemia time in the
RPPA study. In a recent LC-MS/MS-based analysis of de-
layed freezing of mouse and rat livers, Gundisch et al. found
that most phosphoproteome changes are diffuse and unpre-
dictable and can be minimized when samples are kept on ice
prior to fixation (34). The lack of a common cold-ischemia
response in this study may be explained by different stress-
response mechanisms in healthy and diseased tissues. Our
results also contrast with those of Pinhel and coworkers (35),
who reported that delaying time to fixation post-resection
significantly decreases the immunoreactivity of p-Akt and
p-ERK1/2, two potentially useful diagnostic markers of recep-
tor tyrosine kinase pathway activation. This discrepancy is
likely due to the very long latency to effective formalin fixation
of the resection samples analyzed in that study. The increased
phosphorylation of Erk1 we observed was supported by both
LC-MS/MS and RPPA analyses, adding confidence regarding
the activation of MAPK pathways by cold ischemia.

An important potential caveat to our study is that significant
regional heterogeneity in particular signaling molecules across
the tumor could, if present, contribute to apparent differences in
the effects of ischemia on phosphosite stability. Of necessity,
different portions of tumor material were analyzed at each of the
time points. Furthermore, heterogeneity in protein expression
across tumors has long been observed in immunohistochemis-
try and, more recently, with other approaches including exome
sequencing (36). Although regional heterogeneity is a legiti-
mate concern, it is unlikely that it was a critical determinant in
our study. We did not observe substantial regional variability
in the total number of proteins and phosphosites identified
across time points in our study. This might be due to the fact
that the volume of the samples analyzed at each time point
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was relatively large, and for the breast cancer samples it
included regions pooled across multiple tumors, reducing
concerns with microheterogeneity. Alternatively, undersam-
pling by the LC-MS/MS system because of the complexity of
the tumor samples might have reduced our ability to detect
such differences. However, the kinetics of change observed in
different phosphosites were more consistent with the mono-
tonic perturbation of increased ischemia time than with the
random effects expected of heterogeneity. Notably, a prior di-
rect analysis of intratumoral heterogeneity via RPPA failed to
detect major changes across different parts of the tumor (9).

In addition to common stress responses, we also observed
tumor-specific responses to cold ischemia. The variability in
the stability of phosphosites in luminal breast, basal breast,
and serous ovarian cancers, together with coordinate regula-
tion of many phosphosites, suggests that phosphosite stabil-
ity will be pathway, context, and lineage dependent. For ex-
ample, we observed very strong induction of protein phos-
phorylation in a luminal breast tumor that contained a splice
site mutation in the gene for the stress kinase MAP3K1. This
correlation of a mutated gene to a strong phosphoproteome
phenotype might indicate that the full extent of ischemic
response is dependent on the genetic repertoire of each
tumor, a suggestion further supported by the greater biolog-
ical variability observed in the responses of individual ovarian
tumors. The effects of specific genetic events can be more
clearly studied with a larger number of genomically annotated
PDX models, which would also permit additional perturba-
tions to be studied, including those induced by therapeutic
approaches. Together, these observations argue for caution
and circumspection in the interpretation of phosphopro-
teomic data from TCGA samples, as well as from samples
populating the vast majority of valuable “collaborative” repos-
itories collected with conventional constraints on cold ische-
mia time.

Because tissues undergoing excision are alive and able to
mount coordinated responses to insults, variation in ischemia
time can either mask or artifactually amplify underlying path-
ways of importance. For example, proteins in stress-response
pathways, including those we have shown to be regulated by
cold ischemia, have been implicated in cancer progression
and drug resistance (37, 38). Certainly, phosphoprotein mea-
surements used to guide clinical decision making should be
specifically studied for stability within the parameters of their
particular sample-acquisition protocol. Although somewhat
greater latitude may be allowed for research specimens, at a
minimum our results suggest that the total duration of cold
ischemia (and, by extension, warm ischemia) should be care-
fully noted for samples to be analyzed using any proteomic
methods. Whenever possible, cancer and other tissue spec-
imens should be frozen as soon after resection as possible, as
cold-ischemia-induced changes in the phosphoproteome be-
come evident after just a few minutes. If warm ischemic
effects are at all comparable to the cold ischemic effects

described here, biopsies taken preoperatively or intraopera-
tively before the interruption of the vascular supply might be
needed for accurate characterization of the tumor phospho-
proteome. If minimally ischemic acquisition and immediate
freezing are beyond institutional capacity or fall outside clin-
ical sample handling protocols, the commonly regulated is-
chemia phosphorylation sites identified in this study may be
monitored, potentially through the use of targeted MS-based
assays (33), to identify samples that might have been sub-
jected to increased ischemic stress. A metric based on tar-
geted measurement of this set would allow suspect samples
to be flagged, though it would not necessarily provide guid-
ance as to which specific phosphosites remained interpreta-
ble. The utility of the set of phosphosite markers we have
identified as commonly perturbed in ischemic breast and
ovarian cancer will remain uncertain until additional studies of
other tumor types are able to establish whether such a tool
would be of general use.
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