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Fig. 4. Invitro ubiquitination of p53 using the insect cell-free protein synthesis sys-
tem. Six microliters of in vitro translated and fluorescently labeled p53 was mixed
with 4 uL of Mdm2 translated in the presence of the caspase-3 inhibitor (Ac-DEVD-
CHO). Invitro ubiquitination assays were performed by adding Ub/Me-Ub and UA as
describedin Section 2. Afterthe incubation, the total volume of the mixture was elec-
trophoresed on a 5-20% SDS-PAGE gel. Asterisk indicates in vitro translated Mdm2
in the absence of the caspase-3 inhibitor,

reported to be a protein with molecular weight of about 100kDa
(Pochampally et al., 1998). This result suggested that the Mdm2
gene product was cleaved by a protease(s) in the insect cell-free
protein synthesis system. To investigate this possibility further,
N-terminal and C-terminal GST-tagged Mdm2 plasmids were con-
structed. Expression analyses of these constructs suggested that
the cleavage site of the synthesized Mdm2 was located in the C-
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Fig. 5. Acaspase-like activity in the insect cell-free protein synthesis system and its
inhibition by a caspase-3 inhibitor. Fluorescent labeling of in vitro translated Mdm2
protein was carried out using FluoroTect as described in Section 2. Translation was
performed in the presence or absence of a caspase-3 inhibitor | (Ac-DEVD-CHO).
After the translation, 6 pL of the reaction mixture was electrophoresed on a 10%
SDS-PAGE gel.

terminal region of the full-length Mdm2 protein (data not shown).
The N-terminal amino acid sequence of the affinity-purified, C-
terminal GST-tagged Mdm2 was NH,-352XKKTIVNPSR371 (data not
shown). Therefore, a mutant Mdm2 construct was generated with
an Ala substitution of Asp 361, and this protein escaped prote-
olytic degradation by an Mdm2-cleaving enzyme (data not shown),
These results indicate the cleavage site of the cell-free synthesized
Mdm?2 is between Asp 361 and Cys 362. It has been reported that.
Mdmz2 s cleaved by caspase-3 at the C-terminal side of the Asp 361
residue (Chen et al,, 1997). Therefore, the effect of adding a cas-
pase inhibitor on the translation product of Mdm2 was evaluated.
The Mdm2-cleaving enzyme activity was almost completely inhib-
ited by addition of the caspase-3 inhibitor (Ac-DEVD-CHO) (Fig. 5),
suggesting that a caspase-like activity exists in the insect cell-free
protein synthesis system.

It has been reported that cleavage after Asp 361 by an Mdm2-
specific caspase divides Mdm?2 into an N-terminal fragment that
binds p53 and a C-terminal RING-finger domain, resulting in loss
of its E3 activity (Pochampally et al,, 1999). Therefore it is likely
that the inefficient Ub conjugation to p53 in the insect cell-free
protein synthesis system was also owing to loss of the E3 activity
of Mdm2 in this in vitro system. In vitro ubiquitination of p53 was
next attempted in the insect cell-free protein synthesis system in
the presence of the caspase-3 inhibitor Ac-DEVD-CHO, resultingina
remarkable acceleration of Ub conjugation to p53, presumably due
to the concomitant production of full-length Mdm?2 (Fig. 4: lane 6).

Mdm2-mediated ubiquitination drives p53 to proteasomal
degradation (Rodriguez et al., 2000). To investigate whether the
insect cell-free protein synthesis system has proteasomal activity,
a proteasome inhibitor, MG132, was added to the in vitro ubig-
uitination reaction mixture. However, the addition of MG132 to
the insect cell-free protein synthesis system produced only a slight
effect (Fig. 4: lane 7). The addition of lactacystin, a specific protea-
some inhibitor, also showed no effect on the mobility pattern of
p53 on SDS-PAGE (data not shown). Further studies are necessary
to clarify this finding.

It has been reported that Mdm2 mediates multiple mono-
ubiquitinations of p53 (Lai et al,, 2001). Therefore the ubiquitina-
tion reaction was performed using Me-Ub to investigate whether
the type of ubiquitination generated in the insect cell-free protein
synthesis system is mono- or poly-ubiquitination. Ladder bands at
around 60-100kDa were remarkably enhanced in the ubiquitina-
tion assay using Me-Ub (Fig. 4: lane 8). This result suggested that
poly-ubiquitination of p53 occurred when Ub, UA, and full-length
Mdm2 were added to the in vitro ubiquitination reaction carried
out by the insect cell-free protein synthesis system.

3.3. Affinity purification of in vitro ubiquitinated p53

To evaluate the performance of insect cell-free protein synthe-
sis system as a tool for production of Ub-conjugated proteins, in
vitro ubiquitination of p53 was carried out using Me-Ub at a 2.5 mL
reaction scale. The in vitro synthesized and ubiquitinated p53 was
collected by affinity purification, and CBB-detectable ubiquitinated
P53 proteins were thus obtained (Fig. 6). This result suggests that
the insect cell-free protein synthesis system is an effective tool to
prepare ubiquitinated proteins of interest.

3.4. Mass spectrometric analyses of in vitro ubiquitinated p53

The 50kDa and ladder bands were excised individually and
digested with trypsin, and these tryptic digests were analyzed by
MALDI-TOF MS. Peaks detected in the mass spectrum of the tryp-
tic digests of the 50kDa band agreed well with the theoretical myjz
values for the p53 protein (about 67% sequence coverage, Fig, 7A-
b). The MALDI-mass spectra produced from each of the ladder
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Fig. 6. SDS-PAGE of the affinity-purified p53 proteins. An in vitro ubiquitination
reaction was carried out using Me-Ub at a 2.5 mL reaction scale. Ubiquitinated
p53 was collected by affinity purification and concentrated to about 20 uL by
ultrafiltration (molecular cutoff=10kDa). Eight microliters of the concentrate was
electrophoresed on 10% SDS-PAGE and visualized by CBB staining.
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Fig. 7. MALDI-mass and -MS/MS spectra of tryptic digests of the affinity-purified
p53 proteins. (A) The protein bands corresponding to{(a) ubiquitinated p53 (p53-Ub)
and (b) p53 proteins were excised individually. Each protein band was reduced and
S-alkylated with iodeacetamide and then digested overnight with trypsin, and the
digests were analyzed by MALDI-TOF MS. Filled circles and triangles indicate ions
with the theoretical m/z values of tryptic digests of p53 and Me-Ub, respectively.
Stars indicate probable tryptic peptides containing a GG-tag. MS/MS analyses were
performed for the ions detected at m/z 1783.92 (B) and m/z 1822.01 (C) in (A). The
observed fragment ions are indicated by the sequences shown. The subscript “GG”
represents di-glycine residues from the C-terminal region of Ub.

bands were almostidentical (A typical resultis shownin Fig. 7A-a.).
Peaks corresponding to tryptic peptides from both p53 and Me-Ub
were detected in the mass spectrum (Fig. 7A-a). This result clearly
indicated that Ub conjugation to p53 was generated in the insect
cell-free protein synthesis system. The high molecular weight band
(>160kDa) detected in Fig. 6 was also analyzed by peptide mass
fingerprinting, but we could not identify it (data not shown).

To identify the Ub-conjugation sites on p53, peaks correspond-
ing to the tryptic digests were searched to find peptides with a
GG-tag. Two peaks from the tryptic digests containing a GG-tag
were detected at m/z 1783.92 and 1822.01 (Fig. 7A-a). These ions
were further analyzed by MS/MS, which indicated that these ions
were tryptic peptides having a GG-tag at Lys 305 (m/z 1783.92) and
at Lys 320/321 {mm/z 1822.01) (Fig. 7B and C).

4. Discussion

Ubiquitination is widely carried out in various cellular pro-
cesses. Conjugation of Ub to target proteins can occur in
both monomeric {mono-ubiquitination) and polymeric (poly-
ubiquitination) forms. All seven internal Lys residues of Ub (Lys
6, 11, 27, 29, 33, 48, and 63) can be conjugated to Ub moieties
to form poly-Ub chains (Ikeda and Dikic, 2008). In this study, we
confirmed by MALDI-TOF MS and MALDI-QIT-TOF MS that Lys 29-
, Lys 48-, and Lys 63-linked poly-Ub chain formation occurred in
an insect cell-free protein synthesis system. Although it is unclear
whether poly-Ub chains linked to other Lys residues are generated,
and how many kinds of E2 Ub-conjugating enzymes and E3s existin
the insect cell-free protein synthesis system, the presentresults are
sufficiently convincing to conclude that the insect cell-free protein
synthesis system contains enzymatic activities capable of carrying
out ubiduitination.

It is well accepted that ubiquitination plays a major role in p53
regulation. Although the C-terminal Lys residues (Lys 370, 372, 373,
381, 382, and 386) of p53 are known to be the major Ub acceptor
sites for Mdm2-mediated ubiquitination (Rodriguez et al., 2000;
Nakamura et al., 2000), the exact locations of the actual Ub accep-
tor sites of p53 are not fully defined. Although the possibility cannot
be excluded that the Ub acceptor sites identified in this study may
not accurately reflect the in vivo situation, we demonstrated that
Lys 305 of p53 was one Ub acceptor site (Fig. 7B and Fig. 8). On the
other hand, major Ub acceptor sites mediated by Mdm2 were not
detected by MS analyses (Fig. 8), although Ub conjugations to p53
in the insect cell-free protein synthesis system were accelerated
in the presence of Mdm2. One possible explanation for this is that
it may be difficult to detect-tryptic peptides from the C-terminal
region of p53 by MALDI-TOF MS, because many short tryptic pep-
tides are produced due to the existence of numerous Lys and Arg
residues in this region (Fig. 8). It is not clear from the obtained
results whether the Ub conjugations at Lys 305 and Lys 320/321 of
p53 were mediated by Mdm2 or by another E3 in the insect cell-free
protein synthesis system. The latter alternative is thought to be pos-
sible for the following reasons. First, it was recently demonstrated
that E4F1, which s a zinc-finger protein, stimulates p53 ubiquitina-
tion on Lys 319 to Lys 321, and it was also demonstrated that these
acceptor lysines are distinct from those targeted by Mdm2 (Cam
et al., 2006) (Fig. 8). Second, Ub conjugation to p53 in the insect
cell-free protein synthesis system was observed in the absence of
Mdm?2 (Fig. 4: lane 4).

We emphasize that Ub-conjugated p53. proteins were eas-
ily obtained using the insect cell-free protein synthesis system
from the mRNA template transcribed from the corresponding
cDNA. Thus this strategy should also be applicable to other cDNA
resources. Although itis desirable that Ub conjugations occur effec-
tively on target proteins without the addition of an exogenous
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Fig. 8. Schematic representation of ubiquitination sites of p53. Asterisks indicate ubiquitination sites identified previously (Rodriguez et al., 2000; Nakamura et al.,, 2000;

Cam et al., 2006). Arrows indicate Ub acceptor lysines determined in this study.

E3 protein, we think that it might be difficult because many E3s
are tightly regulated by Ub-proteasomne pathway or other PTMs
(Meek and Knippschild, 2003). Further studies are necessary to
elucidate general applicability of the insect cell-free protein syn-
thesis system for in vitro ubiquitination assays. Quite recently, a
method for in vitro analysis of ubiquitination based on wheat germ
cell-free protein synthesis system and liminescent detection was
reported (Takahashi et al., 2009). Although this strategy is effec-
tive for high-throughout detection of ubiquitination, it cannot be
used to identify the exact location of the modification. We demon-
strated that the ubiquitination sites generated in vitro could be
identified by using the insect cell-free protein synthesis systern and
mass spectrometry. We think that it is critical to identify the pre-
cise structure and the exact location of the modification in PTM
analysis. Thus, this insect cell-free protein synthesis system should
prove to be a potent tool for in vitro ubiquitination assays of target
proteins.
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Immunohistochemistry (IHC) is an essential tool in diagnostic surgical pathology,
allowing analysis of protein subcellular localization. The use of IHC by different
laboratories has lead to inconsistencies in published literature for several

Mplecula_r . antibodies, due to either interpretative (inter-observer variation) or technical
dlagnpst.lcs, reasons. These disparities have major implications in both clinical and research
Protgm l.mnTuno- settings. In this study, we report our experience conducting an IHC optimization of
f:ggggh?)n’timi- antibodies against five proteins previously identified by proteomic analysis to be
otion yop breast cancer biomarkers, namely 6PGL (PGLS), CAZ2 (CAPZA2), PA2G4 (EBP1) PSD2

and TKT. Large variations in the immunolocalizations and intensities were observed
when manipulating the antigen retrieval method and primary antibody incubation
concentration. However, the use of an independent motecular analysis method
provided a clear indication in choosing the appropriate biologically and functionalty
relevant “staining pattern”. Without this latter step, each of these contradictory
results would have been a priori “technically acceptable” and would have led to
different biological and functional interpretations of these proteins and potentially
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different applications in a routine pathology setting. Thus, we conclude that full
validation of immunohistochemical protocols for scientific and clinical use will
require the incorporation of biological knowledge of the biomarker and the disease

in question.

© 2009 Elsevier GmbH. All rights reserved.

Introduction

Protein expression is the true “functional geno-
mics” and knowledge of extracellular and/or
subcellular localization is essential to elucidate
the function of these proteins. Measuring the levels
of protein expression and their putative correlation
with RNA through gene expression are common
activities in modern translational research. In the
diagnostic arena, the use of immunohistochemistry
(IHC) in addition to hematoxylin and eosin staining
has been shown to increase diagnostic accuracy.
Insights into the role of protein expression in
disease progression and how this affects patient
stratification and drug targeting, will ultimately
lead to formulating the basis for personalized
medicine (Douglas-Jones et al., 2005). The avail-
ability of tissues and the relative simplicity of IHC
techniques make this a very widely used and
accepted method for routine diagnostics.

IHC allows the in situ visualization of protein
localization in specific cellular components, not
only in the different regions of the tissue, but also
within specific regions of cells. This is achieved by
the precise interaction of an introduced antibody
with a specific antigen, later visualized using a
labelling system. For the most part, this technique
is semi-quantitative and predominantly analyzed by
a trained pathologist. Technically simple and
relatively affordable, IHC is arguably the most
widely used “molecular” analysis in research and
diagnostic settings. Unfortunately, the wide use of
this technique, which allows an “interpretative”
approach to the analysis of results, also accounts
for the known reported disparities in the results.

These disparities have been reported with regard
to key molecular players in common cancers such as
p53 in colorectal cancer (Soong et al., 1996) and
estrogen receptor and c-erbB2 in breast cancer
(Nedergaard et al., 1995; Perez et al., 2006) among
many others which, in the case of breast cancer,
may lead to suboptimal patient treatment. These
apparent contradictions can be interpretative or
technical. Classically, IHC interpretation is subjec-
tive (Biesterfeld et al., 1996), leading to inter-
observer variability, which results in different
observers scoring a particular case differently.
Although systems for automated scoring of IHC

are already commercially available, (Rojo et al.,
2006) and some of them approved by the US Food
and Drug Administration (FDA) for quantification of
specific antibodies, these are not yet ready for
universal use in research or diagnosis. Technical
disparities are primarily attributed to differences in
fixation protocol, IHC reagents, antigen retrieval
protocols, antibody clone, concentrations and
incubation times (Ainsworth et al., 2005 ; Boenisch,
2005; Goldstein et al., 2007; McCabe et al., 2005;
McShane et al., 2000; Press et al., 1994, 2002;
Ramos-Vara, 2005; Shi et al., 1997, 2001). These
inconsistencies are a major hindrance in both
clinical and research areas as they impact the
interpretation of critical factors including clinical
outcome, prognosis and potential biomarker dis-
covery.

When working with a previously untested anti-
body, optimum experimental conditions must be
established. To do so, several protocols are
attempted to obtain ‘correct’ results based on
the subjective criteria set by the researcher, such
as immunolabelling intensity and absence of back-
ground ‘noise’. This is, by definition, an arbitrary
exercise, which may result in inter-observer varia-
bility. One approach to overcome this would be to
introduce a ‘standard’ with which the immunola-
belling could be compared. The approach to
standardization could be done using either bench-
based techniques or by in silico predictions (Guda,
2006; Horton et al., 2007; Nair and Rost, 2005;
Nakai and Horton, 1999; Schneider and Fechner,
2004; Shatkay et al., 2007; Hoglund et al., 2006)
based on the protein sequences. These approaches
have been explored in considerable detail, how-
ever, the reliability of the predictions is variable.

In this study we examine the technical aspect of
IHC disparity. We propose a workflow for systematic
immunolabelling optimization (particularly applic-
able to previously untested primary antibodies),
specifically protocols designed for immunolabelling
optimization in formalin-fixed, paraffin wax-em-
bedded (FFPE) material, based on knowledge of the
subcellular localization by molecular techniques. In
order to achieve this we investigated the use of an
independent molecular technique and bioinfor-
matics methods. Specifically, we apply such
a methodological approach to five near-novel
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antibodies, using a human breast carcinoma cell
line, four different antigen retrieval methods and
four different concentrations per antibody.

Material and methods
Cell culture and pellet formation

The human breast carcinoma cell line MCF-7
(ATCC: HTB-22) was obtained from the American
Type Culture Collection (Rockville, MD, USA), work
with this cell line was under NHG Domain-Specific
Review Board approval (Reference DSRB-B/09/
140). It was cultured in Eagle minimum essential
medium, supplemented with 2 mM L-glutamine and
Earle’s balanced salts solution adjusted to contain
1.5g/L sodium bicarbonate, 0.1 mM non-essential
amino acids, 1mM sodium pyruvate and 10% fetal
bovine serum (Hyclone, Logan, UT, USA). The cells
were cultured in a humidified incubator with 5%
CO; at 37°C. Cells were grown to confluence,
washed in phosphate-buffered saline (PBS) and
trypsinized for 5min to detach cells. The cell
suspension was transferred to a 15mL tube,
followed by centrifugation at 1000g for 5min to
‘obtain a cell pellet.

Formalin fixation and paraffin wax
embedding (PPFE)

Cells were fixed in 10% neutral-buffered formalin
for 30 min at room temperature, Cell pellets were
then dehydrated with increasing concentrations, of
ethanol (70%, 80%, 90% and 100%) for 1h each and
then xylene for a final hour, with centrifugation at
200g for 3min between each step. The cells were
then covered in paraffin wax blended with syn-
thetic polymers (congealing temperature 58°C)
(BDH Chemicals Ltd., Poole, Dorset, England) and

left overnight at 60°C. These pellets were then
placed into conventional paraffin wax embedding
cassettes for sectioning,

Sectioning and immunocytochemistry

The FFPE blocks were sectioned at 4 um thick and
sections mounted on Matsunami adhesive silane
(MAS)-coated glass microslides (Superfrost, Matsu-
nami, Tokyo, Japan) and dried overnight at 37°C.
Paraffin wax was removed by three washes in
xylene, and the tissue rehydrated in decreasing
concentrations of ethanol (100%, 90% and 70%) and
water for 5 min each.

The optimization experiments for the five anti-
bodies (Table 1) involved four different antigen
retrieval protocols for each antibody. These were
performed by immersion of the sections in one of
four different buffers (citrate buffer (PC), Tris—ED-
TA (EDTA), Dako pH 6.0 antigen retrieval buffer
(DK6) or Dako pH 9.0 antigen retrieval buffer (DK9)
and heating in a pressure cooker (T/T Mega,
Milestone) at 120°C for 5min. This was followed
with incubation with peroxidase block solution
(ready-to-use from Dako, Glostrup, Denmark),
followed by three rinses in washing buffer (PBS
buffer containing 0.1% Tween 20). Five different
primary antibodies were used in the study
(Table 1), incubated at four different dilutions per
antigen retrieval method, namely 1/50, 1/100,
1/200 and 1/400 (dituted with Dako antibody
diluent), so that with the variation in antigen
retrieval, there were 16 protocols used for each
antibody. These five near-novel antibodies (either
unused or seldom used for immunohistochemistry
previously, and thus with no reliable previous
indication of appropriate protocol or immunolabel-
ling distribution) were used in the -context of the
validation in human clinical samples of a proteomics
study in breast cancer cell lines (Ou et al., 2008).

Table 1. Antibody information with chosen protocol for each antibody.

Protein target  Full name Antibody source Optimised
protocol®
6PGL (PGLS) 6-Phosphogluconolactonase Customized by BioGenes EDTA 1/50
(Berlin, Germany)
CAZ2 (CAPZA2)  F-actin capping protein alpha-2 subunit Customized by BioGenes DKé 1/400
(Berlin, Germany)
PA2G4 (EBP1) Proliferated associated protein-2G4 Upstate (Lake Placid, NY, USA) DK9 1/50
psD2 265 proteasome non-ATPase regulatory Customized by BioGenes DK9 1/200
subunit 2 (Bertin, Germany)
TKT Transketolase Customized by BioGenes DK9 1/50

(Berlin, Germany)

?Chosen protocol is the protocol that best reflects the expected results based on the western blots.
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Primary antibodies were incubated with sections
overnight at room temperature, followed by three
rinses in washing buffer. The peroxidase-labelled
secondary antibody (EnVision+ kit, Dako, Glostrup,
Denmark), prepared according to manufacturer’s
instructions, was allowed to incubate with the
sections for 30min at room temperature, again
followed by three rinses in washing buffer. Antibody
binding was detected by a peroxidase-3,3'-diami-
nobenzidine-based detection system (EnVision+ kit,
Dako, Glostrup, Denmark), employed according to
kit instructions. The slides were then counter-
stained with Gill’'s hematoxylin (Merck Pte. Ltd.,
Singapore). Finally the slides were dehydrated in
increasing concentrations of ethanol (70%, 90% and
100%) for 5min each, allowed to dry and mounted
with a coverslip (Menzel-Glaser, Braunschweig,
Germany) using DPX mountant (Fluka, Sigma-
Aldrich, Buchs, Switzerland).

Protein extraction and western blot analysis

Protein extraction was performed using the
ProteoExtract® Subcellular Proteome Extraction
Kit (Calbiochem, EMD Chemicals, Inc., La Jolla,
CA, USA), employed according to kit instructions.
Briefly, this kit allows the fractionated extraction
of the different cellular components, i.e. cytosolic
protein, membrane/organelle protein and nucleic
protein extracts, based on differing solubilities.
Determination of protein concentrations was per-
formed using the Coomassie blue (Bradford) protein
assay kit (Pierce, Rockford, IL, USA), according to
manufacturer’s intructions. SDS-PAGE was per-
formed using a 10% acrylamide gel under standard
conditions. A semi-dry transfer was then performed
onto a PVDF membrane (Bio-Rad Laboratories
(Singapore) Pte. Ltd.) at 15V for 40min. The
membranes were then blocked with 5% skim milk
(Fluka, Sigma-Aldrich, Buchs, Switzerland) in wash-
ing buffer. The blots were probed with the
antibodies shown in Table 1 at room temperature
for 1h. This was followed by incubation with the
secondary antibody (ECL rabbit 1gG, horseradish
peroxidase-linked whole Ab, GE Pacific Pte Ltd.,
Singapore) diluted 1/50000 in washing buffer for
1h. Detection was performed by chemilumines-
cence using the ECL advance detection kit (GE
Pacific Pte Ltd., Singapore), carried out according
to kit instructions. The reactivity was visualized on
a VersaDoc 5000 (Bio-Rad Laboratories (Singapore)
Pte. Ltd.) and analysis of banding using the
Quantity One software (Bio-Rad Laboratories
(Singapore) Pte. Ltd.).

Scoring of immuncytochemical labelling and
comparison to western blot results

Immunolabelling of paraffin wax-embedded sec-
tions was scored according to intensity: 0 (negative
— no immunolabelling), 1 (mild immunopositivity),
2 (moderate immunopositivity) and 3 (strong
immunopositivity), and subcellular localization
(nuclear or cytoplasmic). Scoring was performed
by a trained scientist (MFMO) and confirmed by a
qualified pathologist (MST). To avoid the considera-
tion of non-specific labelling, and to make sure that
no false positive results were included in our
analysis, only intensities of 2 and 3 were accepted
as positive for the purpose of this analysis. Based on
the observations, the results were classified into
five different categories: (1) even nuclear and
cytoplasmic staining, where the intensity of im-
munolabelling of the nuclear and cytoplasmic
components of the cell were both positive and
even; (2) primarily nuclear staining, where the
nuclear component of the cell was more intensely
immunopositive than the cytoplasmic component;
(3) primarily cytoplasmic staining, where the
cytoplasmic component of the cell was more
intensely immunopositive than the nuclear compo-
nent; (4) variability in nuclear staining, where the
immunolabelling in the nucleus varied from cell to
cell within the sample; (5) negative for staining,
where both the nuclear and cytoplasmic compo-
nents were unlabelled. Immunopositivity of the
western blots are listed as cytoplasmic, mem-
brane/organelle and nucleic, based on the fractio-
nation.

Bioinformatic prediction of protein
localization

In order to predict protein localization, three in
silico animal protein prediction programs were
used, specifically Wolf pSORT (Horton et al.,
2007), SherLoc (Shatkay et al., 2007) and MultiLoc
(Hoglund et al., 2006). Briefly these techniques use
prediction algorithms to predict localization of a
protein based on structural motifs and signaling
sequences. This is achieved by the use of machine
learning techniques and the comparison of the
protein’s sequence against a panel of known
proteins from a database (Hoglund et al., 2006;
Horton et al., 2007; Shatkay et al., 2007). FASTA
format sequences were used for input into the
programs. The protein accession numbers for the
five protein targets in this study are as follows:
095336 (6PGL), P47755 (CAZAZ), QIUQS0 (PA2G4),
Q9BQI7 (PSD2) and P29401 (TKT).
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Results

Table 2 summarises the results for all antibody
concentrations and antigen retrieval variations of
the IHC protocols. Figure 1 illustrates a summary of
these results and depicts all the possible immuno-
labelling variations observed using the five differ-
ent antibodies. This illustrates the different results

that are possible when using a single antibody with
different antigen retrieval methods and antibody

Table 2, Immunolabelling patterns seen using the different protocols.

concentrations, The IHC results indicate a large
variability is possible for all the antibodies tested,
with immunolabelling ranging from no labelling to
either predominantly nuclear or cytoplasmic label-
ling for any given antibody. It should be noted that
not all the antibodies exhibited all immunolabelling

Antibody Dilution of Antigen retrieval Antigen retrieval Antigen retrieval Antigen retrieval
target primary using DKé using DK9 using EDTA using PC
antibody
6PGL 1/50 Primarily Primarily Primarily Even nuclear and
cytoplasmic cytoplasmic cytoplasmic cytoplasmic
1/100 Primarily Primarily Primarily Primarily
cytoplasmic cytoplasmic cytoplasmic cytoplasmic
1/200 Primarily Primarily Primarily Variability in
cytoplasmic cytoplasmic cytoplasmic nuclear staining
1/400 Primarily Primarily Negative for Variability in
cytoplasmic cytoplasmic staining nuclear staining
CAZ2 1/50 Even nuclear and Variability in Primarily nuclear Even nuclear and
cytoplasmic nuclear staining cytoplasmic
1/100 Even nuclear and Variability in Primarily nuclear Even nuclear and
cytoplasmic nuclear staining cytoplasmic
1/200 Primarily Variability in Variability in Primarily nuclear
cytoplasmic nuclear staining nuclear staining
1/400 Primarily Negative for Primarily nuclear Negative for
cytoplasmic staining staining
PA2G4 1/50 Even nuclear and Even nuclear Variability in Primarily nuclear
cytoplasmic and cytoplasmic nuclear staining
1/100 Variability in Even nuclear and Variability in Primarily nuclear
nuclear staining cytoplasmic nuclear staining
1/200 Primarily Even nuclear and Variability in Even nuclear and
cytoplasmic cytoplasmic nuclear staining cytoplasmic
1/400 Primarily Even nuclear and Primarily Even nuclear and
cytoplasmic cytoplasmic cytoplasmic cytoplasmic
PSD2 1/50 Variability in Even nuclear and Primarily Primarily nuclear
nuclear staining cytoplasmic cytoplasmic
1/100 Variability in Even nuclear and Variability in Primarily nuclear
nuclear staining cytoplasmic nuclear staining
1/200 Primarily nuclear Even nuclear Variability in Primarily nuclear
and cytoplasmic nuclear staining
1/400 Primarily nuclear Primarily nuclear Variability in Primarily nuclear
) nuclear staining
TKT 1/50 Primarily nuclear Even nuclear Primarily nuclear Primarily nuclear
and cytoplasmic
1/100 Even nuclear and Primarily nuclear Primarily nuclear Primarily nuclear
cytoplasmic
1/200 Even nuclear and Primarily nuclear Primarily nuclear Primarily nuclear
cytoplasmic
1/400 Negative for Primarily nuclear Primarily nuclear Negative for
staining staining

The optimal protocol for each antibody, based on its correspondence with the western blot results, are highlighted in bold.
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Antibod Even Nuclear Primarily Primarily Variability in Negative Western
Tar ety Cytoplasmic Nuclear Cyloptasmic Nuctear for blot
g Staining Staining Staining Staining Staining Results
Cyt MO Nu

6PGL
CAZ2

PA2G4

PSD2
TKT

- 40 pm

Figure 1. Variation in antibody immunolabelling intensity and localization. Horizontal rows correspond to the
antibodies against the different proteins, while vertical columns show the different localization patterns. The results
that match the western blot observation are shown with a blue border, The results were categorized into five different
possible observations. As shown, the possible outcomes were dependant on the antibody used, i.e. only certain
immunolabelling categories were observed for each of the antibodies. The larger image was taken at 100 x
magnification, whole the panel image was taken at 400 x magnification. The protocols used in each case are shown
below (antigen retrieval methods followed by the antibody dilution factor) (A) PC, 1/50, (B) EDTA 1/50, (C) EDTA 1/400,
(D) PC 1/50, (E) EDTA 1/50, (F) DK6 1/400, (G) DK9 1/50, (H) DK9 1/400, (1) DK9 1/50, (J) PC 1/100, (K) DK6 1/400, (L)
EDTA 1/50, (M) DK9 1/200, (N) PC 1/400, (0) EDTA 1/50, (P) EDTA 1/200, (Q) DK9 1/50, (R) DK9 1/400, (S) PC 1/400; PC-
citrate buffer, EDTA-Tris-EDTA, DK6-DAKP pH6.0, DK9-DAKO pH 9.0, Cyt — cytosolic fraction, MO - membrane/organelle
fraction, Nu ~ nucleic protein extract.

patterns, for example, CAZ2 exhibits all the
immunolabelling variations, while 6PGL and TKT
labelled in only three different patterns.

The different antibodies also exhibited varying
protein localization patterns and immunolabelling
intensities on western blots (Figure 1). 6PGL and
CAZ2 labelled only cytoplasmic components, while
PA2G4, PSD2 and TKT showed strong labelling in all
cellular fractions. The most biologically appropri-
ate immunolocalisation using IHC was judged to be
that which corresponded to the western blot result.
The IHC results that most closely corresponded. to
the western blot observations are framed in blue in
Figure 1 and highlighted in Table 2. The optimized
final protocol for each antibody was different;
hence there was no single protocol that was
appropriate for all antibodies in the study.

A direct comparison of the three biocinformatics
methods used is rather difficult, owing to the
different prediction output formats. Table 3 sum-

marises these results, with a standardization of
terms when necessary. An overall analysis does,
however, reveal that there is no robust agreement
between the subcellular localization predictions of
the three bioinformatics programs, nor was there
an unequivocal correlation of any of the programs
with the western blot results.

Discussion

Cell lines serve as the ideal source material for
antibody optimization as the derived pellet is a
biologically homogenous sample, minimizing the
intrinsic variability of the optimization exercise.
Cells are relatively easy to manipulate and are a
renewable source for multiple optimization and
experimentation. For the experimental design, we
chose a representative cell line, MCF-7, obtained
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Table 3. Comparison of western blot results to WolF pSORT, Sherloc and MultilocZ protein localization predictions.
Antibody Western blot localization WoLF pSORT SherLoc MultiLoc2
6PGL (PGLS) Primarily cytoplasmic Extr: 14.0 Cyto: 0.36 Mito: 0.59
' Cyto and Nu: 7.7 Cyto: 0.25
Nu: 5.5 Nu: 0.11
Mito: 5.0 Extr: 0.05
Cyto and Pero: 4.7
Cyto: 4.5
CAZ2 (CAPZA2) Primarily cytoplasmic Cyto: 20.5 Cyto: 0.72 Cyto: 0.83
Cyto. and Nu; 14.5 Nu: 0.16
Nu: 5.5 Mito: 0.0
Cysk: 5.0 Extr: 0.0
PA2G4 (EBP1) Even nuclear and cytoplasmic Nu: 21.5 Nu: 0.93 Cyto: 0.53
Cyto and Nu: 15.0 Nu: 0.47
Cyto: 7.5 Mito: 0.0
Extr: 0.0
PSD2 Even nuclear and cytoplasmic Plas: 23.0 Nu: 0.49 Cyto: 0.78
Er: 6.0 Nu: 0.21
Mito: 0.01
Extr: 0.0
TKT Even nuclear and cytoplasmic Cyto: 18.0 Cyto: 1.0 Cyto: 0.73
Cytoand Nu: 15.3 Nu: 0.24
Cytoand Plas: 10.2 Mito: 0.02
Nu: 7.5 Extr: 0.0

Er: 3.0

Results are shown as rank values that indicate favorability to a specific tocalization. Higher values indicate a higher likelihood of
occurrence at the specific localization site. WoLF pSort and MultLoc2 provide several probable locations for a protein, while SherlLoc
displays only the most likely localization site. Nu — nuclear, Pero - peroxisomal, Cyto - cytoplasmic, Er — endoplasmic reticulum, Cysk —
cytoskeleton, Extr — extracellular, Mito — mitochondrial, Plas-plasma membrane.

from the pleural effusion of a patient with
metastatic breast carcinoma (Soule et al., 1973).
It is a well characterized estrogen receptor (ER)
positive cell line, which is a standard model for the
study of breast cancer in laboratories around the
world (Lau et al., 2006; Levenson and Jordan,
1997). The cells were formalin-fixed and paraffin
wax-embedded to emulate the conditions faced
during routine processing and embedding of clinical
samples available in conventional pathology de-
partments worldwide. It should be noted that the
protein extraction and subsequent western blots
were intentionally performed on fresh cells, so as
not to introduce any factors that may cause
degradation to the protein (Boenisch, 2006). Sub-
sequently, the various optimization protocols were
performed using the FFPE material. This approach
allowed us to select the protocol for use with FFPE
tissue that most closely represented the native
state of the protein localization as indicated by the
western blots.

As seen in Figure 1 and Table 2, the variation in
the immunolabelling patterns of each antibody is
very apparent, indicating that the results of any

one protocol may be contradictory to the actual
protein localization and concentration, and that
this is dependent on the antigen retrieval method
and primary antibody concentration. The interpre-
tation of this substantial variability for any given
antibody ranges from assuming that a protein is not
present in a tumor to accepting a functional over-
expression of the same protein. This would be very
misleading to a researcher and the implication of
the incorrect localization patterns would be quite
severe in a clinical setting, where inconsistencies
could result in incorrect diagnosis, prognosis and
treatment.

The introduction of protein from fresh cells and the
fractionated western blot analysis was essential in
elucidating the biologically correct immunolocalisa-
tion pattern, including the subcellular localization
which, in itself, dictates the precise functionality of
the protein, with the understanding that for practical
purposes, cytoplasmic and membranous immunopo-
sitivity in the western blot corresponds to general
cytoplasmic immunopositivity in IHC.

it should be noted that for each primary anti-
body, more than one IHC protocol resulted in the
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immunolocalisation of the protein consistent with
western blot results (Table 1). The number of
consistent {ocalizations varied from two different
protocols for CAZ2 (primarily cytoplasmic) to as
many as 12 different protocols for 6PGL (primarily
cytoplasmic). The choice of the most appropriate
protocol, consistent with the western blot results,
was made by also taking into account the intensity
of the IHC labeling; that is, where the immunola-
belling intensity values were high, between 2
and 3. An interesting observation is that changes
in antigen retrieval buffer appeared to play more of
a crucial role in apparent protein subcellular
localization rather than primary antibody concen-
tration, and therefore should be of primary concern
in an optimization protocol. Without the use of the
western blot in an optimization protocol a scientist
may have regarded the antibody as optimized with
any one of the protocols used, potentially resulting
in a drastic difference from actual biological
localization of a studied protein. This can be
illustrated by the known phenomenon of protein
mis-localization and its relevance in protein func-
tion. For example, we have shown that subcellular
localization of RUNX3 is tightly related to the
development of breast cancer (ito et al., 2005).
Others have established its importance in BRCA1
and breast cancer (Rodriguez et al., 2004), in acute
promyelocytic leukemia cells that express chimeric
RARa fusion proteins (Dong et al., 2004), in human
thyroid cancer and p27 (kip1) expression by
phosphorylation-dependent cytoplasmic sequestra-
tion (Motti et al., 2005) and SRC-1 androgen
receptor-dependent nuclear sequestration in pros-
tate cancer (Nazareth et al., 1999), among others.

It is well known that cell lines are prone to
genotypic and phenotypic drift during culture,
causing the appearance of heterogeneous subpo-
pulations (Burdall et al., 2003; Maitra et al., 2005).
Indeed, previous studies have shown that the MCF-7
cell line has shown a high level of clonal variation,
including both phenotypic and karyotypic variation
(Bahia et al., 2002; Burow et al., 1998; Nugoli et al.,
2003; Osborne et al., 1987). This indicates the
importance of linking the appearance in westemn
blots and IHC with the knowledge of protein function
using a similar passage number and/or origin.

As part of our antibody optimization experi-
ments, we only included the more common and
easily altered variables — antigen retrieval method
and primary antibody concentration. However,
there may be occasions in which adequate results
are not obtained by altering these variables alone
and then other methodological aspects should be
considered, such as, the length of antigen retrie-
val, the use of different antibody clones detecting

different epitopes in the same protein or the
molecular optimization using a different cell line.
To maintain relative simplicity in the optimization
process, we recommend these steps only if neces-
sary, i.e. these factors represent a second line set
of variables in the optimization process.

A potential barrier to the use of the approach
described-here in clinical pathology laboratories is
the lack of available cell culture facilities in these
routine settings. However, we believe that the cell
pelleting protocol described in this paper is simple
enough to be carried out in any cytopathology
facility and, hence, all that is required from clinical
laboratories is to contact research laboratories to
acquire the prepared cells with the stipulated
characteristics.

In any case, we believe that the lack of access to
cell lines and molecular techniques in general by
immunohistochemistry-based laboratories may be
mitigated, at least in part, in the future. This is so
because of the need to combine morphology-based
diagnostics with molecular diagnostics in a single
laboratory operation. This model on combined
morpho-molecular diagnostics will not only be of
advantage to the patient and to the pathologist
(Salto-Tellez, 2007), but will also make combined
approaches for optimization such as the one we are
proposing here much more readily available.

As indicated in the small comparative analysis
described here, the variation between several well-
regarded bioinfomatic predictors of subcellular
localization indicate that more work is still neces-
sary before these are readily applied to IHC
validation, particularly in the context of clinical
immunohistochemistry.

In summary, we have shown that a systematic
protocol for IHC optimization, taking into account a
parallel mode of protein detection and the func-
tional knowledge of the individual proteins, may
improve the consistency of results between differ-
ent laboratories studying the same proteins and
using different antibodies and protocols (McShane
et al., 2000; Mengel et al., 2002; Parker et al.,
2002; von Wasielewski et al., 2002). Overall, this
may also contribute to improving the knowledge of
novel proteins in clinical samples and human
diseases. With the existing methodology, our study
suggests that, to date, the ‘standard’ used for
optimization should preferably be derived by
bench-based experiments, rather than bioinfor-
matic prediction techniques.
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Abstract

Background: There are currently no accurate serum markers for detecting early risk of colorectal cancer (CRC). We
therefore developed a non-targeted metabolomics technology to analyse the serum of pre-treatment CRC patients
in order to discover putative metabolic markers associated with CRC. Using tandem-mass spectrometry (MS/MS)
high throughput MS technology we evaluated the utility of selected markers and this technology for discriminating
between CRC and healthy subjects.

Methods: Biomarker discovery was performed using Fourier transform ion cyclotron resonance mass spectrometry
{(FTICR-MS). Comprehensive metabolic profiles of CRC patients and controls from three independent populations
from different continents (USA and Japan; total n = 222) were obtained and the best inter-study biomarkers
determined. The structural characterization of these and related markers was performed using liquid
chromatography (L) MS/MS and nuclear magnetic resonance technologies. Clinical utility evaluations were
performed using a targeted high-throughput triple-quadrupole multiple reaction monitoring (TQ-MRM) method for
three biomarkers in two further independent populations from the USA and Japan (total n = 220).

Results: Comprehensive metabolomic analyses revealed significantly reduced levels of 28-36 carbon-containing
hydroxylated polyunsaturated ultra long-chain fatty-acids in all three independent cohorts of CRC patient samples
relative to controls. Structure elucidation studies on the C28 molecules revealed two families harbouring specifically
two or three hydroxyl substitutions and varying degrees of unsaturation. The TQ-MRM method successfully
validated the FTICR-MS results in two further independent studies. In total, biomarkers in five independent
populations across two continental regions were evaluated (three populations by FTICR-MS and two by TQ-MRM).
The resultant receiver-operator characteristic curve AUCs ranged from 0.85 to 0.98 (average = 0.91 + 0.04).

Conclusions: A novel comprehensive metabolomics technology was used to identify a systemic metabolic
dysregulation comprising previously unknown hydroxylated polyunsaturated ultra-tong chain fatty acid metabolites
in CRC patients. These metabolites are easily measurable in serurn and a decrease in their concentration appears to
be highly sensitive and specific for the presence of CRC, regardless of ethnic or geographic background. The
measurement of these metabolites may represent an additional tool for the early detection and screening of CRC.
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Background

Colorectal cancer (CRC) mortality remains one of the
highest among all cancers, second to only lung cancer
(Canadian Cancer Statistics, 2008). Despite the known
benefits of early detection, screening programmes based
on colonoscopy and fecal occult blood testing have been
plagued with challenges such as public acceptance, cost,
limited resources, accuracy and standardization. There is
consensus in the field that the use of colonoscopy alone
for CRC screening is not practical [1], and that a mini-
mally-invasive serum-based test capable of accurately
identifying subjects who are high risk for the develop-
ment of CRC would result in a higher screening compli-
ance than current approaches and better utilization of
existing endoscopy resources [1-3]. Although there have
been multiple reports of altered transcript levels [4-11],
aberrantly methylated gene products [12-14] and proteo-
mic patterns [15-18] associated with biological samples
from CRC patients, few if any have advanced into clini-
cally useful tests. This may be due to a number of rea-
sons including technical hurdles in assay design,
challenges obtaining reproducible results, costs and
lengthy regulatory processes. Furthermore, most of the
tests currently used or in development are based upon
the detection of tumour-specific markers and have poor
sensitivity for identifying subjects who are either very
early stage, or are predisposed to risk but show no clini-
cal presentation of disease.

Although causal genetic alterations for CRC have been
well characterized, the number of cases due to adenoma-
tous (APC) and hereditary nonpolyposs colorectal cancer
are less than 5% of the total, with approximately 15%
claimed to be attributable to inheritable family risk likely
due to complex patterns of low penetrance mutations
which have yet to be delineated [19]. The fact remains
that approximately 80% of CRC cases are thought to
arise sporadically, with diet and lifestyle as key risk fac-
tors {20,21]. In addition, an individual’s microbiome is
intricately linked to their gastrointestinal physiological
status and may itself be involved as a risk factor [22].
Given that metabolism is heavily influenced by both diet
and lifestyle and that the microbiome contributes its own
metabolic processes, it is surprising that there has been
little effort aimed identifying metabolic markers as risk
indicators of CRC. This may, in part, have been due to
the lack of platform technologies and informatics
approaches capable of comprehensively characterizing
metabolites in a similar way that DNA microarrays or
surface-enhanced laser desorption ionization can charac-
terize transcripts or proteins, respectively.

Recently, however, there have been rapid advances
made in mass spectrometric-based systems which can
identify large numbers of metabolic components within
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samples in a parallel manner [23-25]. Fourier transform
ion cyclotron resonance mass spectrometry (FTICR-MS)
is based upon the principle that charged particles exhibit
cyclotron motion in a magnetic field, where the spin fre-
quency is proportional the mass [26]. FTICR-MS is
known for its high resolving power and capability of
detecting ions with mass accuracy below 1 part per mil-
lion (ppm). Liquid sample extracts can be directly
infused using electrospray ionization (ESI) and atmo-
spheric pressure chemical ionization (APCI) without
chromatographic separation [23], where ions with differ-
ing mass to charge (m/z) ratios can be simultaneously
resolved using a Fourier transformation. Using infor-
matics approaches, spectral files from multiple samples
can be accurately aligned and peak intensities across the
samples compared [23]. High resolution also enables the
prediction of elemental composition of all jons detected
in a sample, providing a solid foundation for metabolite
classification and identification, as well as the ability to
construct de novo metabolic networks [23,27]. The com-
bination of liquid extraction, flow injection, high resolu-
tion and informatics affords a unique opportunity to
broadly characterize the biochemical composition of
samples, with no a priori knowledge about the sample
itself, to a degree which was not previously possible.
This ‘non-targeted’ approach has the advantage of
detecting novel compounds and is therefore ideally sui-
ted for biomarker-driven discovery applications. Using a
MS-based discovery platform for metabolic biomarker
identification also has the added advantage of straight-
forward translation into a quantitative method based
upon triple-quadruple multiple-reaction-monitoring
(TQ-MRM), similar to the clinical methods used to
screen for inborn errors of metabolism [28].

Here we report on the application of this technology
for characterizing the serum metabolomes of treatment-
naive CRC patients and healthy asymptomatic subjects,
A specific metabolic perturbation was discovered in the
serum of CRC patients compared to controls in three
independent and unrelated sets of samples (total # of
222). We further verify the perturbation using a tandem
MS (MS/MS) approach in two additional independent
case-control populations totalling 220 subjects. Implica-
tions of the findings for CRC screening are discussed.

Methods

Patient sample selection

Clinical samples used for the first discovery project were
obtained from Genomics Collaborative, Inc (GCI, MA,
USA), while samples for the second discovery project
and one validation project were obtained from Seracare
Lifesciences (MA, USA). These companies specialize in
the collection and storage of serum and tissue samples
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specifically for research purposes. Samples were col-
lected, processed and stored in a consistent manner by
teams of physicians as part of a global initiative using
standardized protocols and operating procedures. Col-
lection protocols for GCI and Seracare Lifesciences were
approved by the Western Institutional Review Board
and all samples were properly consented. The inclusion
criterion for patient sample selection from the GCI and
Seracare biobanks for both the discovery and validation
cohorts was that the serum be taken prior to any form
of treatment, including surgery, chemo or radiation
therapies. All samples were accompanied by detailed
pathology reports which were independently verified by
certified pathologists at GCI and Seracare. The GCI dis-
covery sample set included serum samples from 40 pre-
treatment CRC patients and matched 50 controls; the
Seracare discovery set included samples from 26 pre-
treatment CRC and matched 25 controls, and the valida-
tion Seracare set included 70 pretreatment CRC and
matched 70 controls. The discovery samples provided
by Osaka Medical University (Osaka, Japan) included 46
pre-surgery CRC patients matched 35 controls which
were prospectively collected according to the standard
collection protocol of the institution and were properly
consented. Study protocols were performed according to
the ethical guidelines set by the committee of the three
ministries of the Japanese Government. The samples for
the Chiba, Japan, validation population, which included
40 pre-surgery CRC patients and 40 matched controls,
were also prospectively consented and collected under
an ethics reviewed protocol approved by the Institu-
tional Review Board of Graduate School of Medicine,
Chiba University. A summary of the populations includ-
ing disease staging is shown in Table 1. All samples
were processed and analysed in a randomized manner
and the results unblinded following analysis.
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Sample extraction

Serum samples were stored at -80°C until thawed for
analysis and were only thawed once. All extractions
were performed on ice. Serum samples were prepared
for FTICR-MS analysis by first sequentially extracting
equal volumes of serum with 1% ammonium hydroxide
and ethyl acetate (EtOAc) three times. Samples were
centrifuged between extractions at 4°C for 10 min at
3500 rpm and the organic layer removed and transferred
to a new tube (extract A). A 1:5 ratio of EtOAc (extract
A) to butanol (BuOH) was then evaporated under nitro-
gen to the original BuOH starting volume (extract B).
All extracts were stored at -80°C until FTICR-MS
analysis.

FTICR-MS analysis

For analysis under negative ESI conditions, sample
extract B was diluted 10-fold in methanol:0.1% (v/v)
ammonium hydroxide (50:50, v/v) prior to direct infu-
sion. For APCI, extract A was directly injected without
diluting. All analyses were performed on a Bruker Dal-
tonics APEX III FTICR-MS equipped with a 7.0 T
actively shielded superconducting magnet (Bruker Dal-
tonics, MA, USA). Samples were directly injected using
ESI and APCI at a flow rate of 600 uyL per hour. Ion
transfer/detection parameters were optimized using a
standard mix of serine, tetra-alanine, reserpine, Hewlett-
Packard tuning mix and the adrenocorticotrophic hor-
mone fragment 4-10. In addition, the instrument condi-
tions were tuned to optimize ion intensity and broad-
band accumulation over the mass range of 100-1000
atomic mass units (amu) according to the instrument
manufacturer’s recommendations. A mixture of the
above mentioned standards was used to internally cali-
brate each sample spectrum for mass accuracy over the
acquisition range of 100-1000 amu. FTICR data were

Table 1 Summary of case-control populations used in this study

FTICR-MS discovery

MRM validation

Genomics Collaborative Seracare 1 Osaka Chiba Seracare 2
CRC Control CRC Control CRC Control CRC Contro} CRC Control

Total 40 50 26 25 46 35 40 40 70 70
Male N 19 24 17 16 27 - 19 24 44 41
Male age 59 (30-78) 56 (30-78) 62 (46-80) 51 (35-70) 63 (28-90) - 68 (45-91) 48 (36-69) 67 (39-87) 63 {32-82)
Male BMI 209+38 25009 243157 256%46 NA - NA NA 280+48 26.+42
Female N 21 26 9 9 19 - 21 16 26 29
Female age 54 (40-82) 55 {40-79) 78 (59-86) 55 {(26-95) 65 {31-77) 70 (51-84) 49 (39-59) 73 (35-50) 56 (26-86)
Female BMI 199 + 46 248 £ 22 23 +£32 29+ 80 NA - NA NA 255 +44 240 + 45
Stage 0/! 8 - 5 - 10 - 9 - 13 -
Stage Hf 16 - 8 - 14 - 18 - 21 -
Stage i 15 - 8 - 12 - 11 - 25 -
Stage IV 1 - 2 - 8 - 2 - 7 -
Unknown 0 - 3 - 2 - ¢] -

BMI = body mass index; CRC = colorectal cancer; FTICT-MS = Fourler transform ion cyclotron resonance mass spectroscopy; MRM = multiple reaction monitoring.

—406—



Ritchie et al. BMC Medicine 2010, 8:13
http://www biomedcentral.com/1741-7015/8/13

analysed using a linear least-squares regression line,
mass axis values were calibrated such that each internal
standard mass peak had a mass error of < 1 part ppm
compared with its theoretical mass. Using XMASS soft-
ware from Bruker Daltonics Inc (CA, USA), data file
sizes of one megaword were acquired and zero-filled to
two megawords. A SINm data transformation was per-
formed prior to Fourier transform and magnitude calcu-
lations. The mass spectra from each analysis were
integrated, creating a peak list that contained the accu-
rate mass and absolute intensity of each peak, Com-
pounds in the range of 100-1000 mz were analysed. In
order to compare and summarize the data, all detected
mass peaks were converted to their corresponding neu-
tral masses, assuming hydrogen adduct formation. A
self-generated two-dimensional (mass versus sample
intensity) array was then created using DISCOVA-
metrics™ software (Phenomenome Discoveries Inc, Sas-
katoon, Canada). The data from multiple files were
integrated and this combined file was then processed in
order to determine all of the unique masses. The aver-
age of each unique mass was determined, representing
the y-axis. A column was created for each file that was
originally selected to be analysed, representing the x-
axis. The intensity for each mass found in each of the
files selected was then filled into its representative %,y
coordinate, Coordinates that did not contain an inten-
sity value were left blank. Each of the spectra was then
peak-picked in order to obtain the mass and intensity of
all metabolites detected. The data from all modes were
then merged to create one data file per sample. The
data from all 90 discovery serum samples were then
merged and aligned to create a two-dimensional meta-
bolite array in which each sample is represented by a
column, each unique metabolite is represented by a sin-
gle row and each cell in the array corresponds to a
metabolite intensity for a given sample. The array tables
were then used for statistical analysis described in ‘sta-
tistical analyses’ (see Additional File 1).

Full-scan quadruple time-of-flight (Q-TOF) and high
performance liquid chromatography (HPLC)-coupled MS/
MS spectrometry

Ethyl acetate extracts from five CRC and five normal
samples were evaporated under nitrogen gas and recon-
stituted in 70 uL of isopropanol:methanol:formic acid
(10:90:0.1). Ten microlitres of the reconstituted sample
was subjected to HPLC (HP 1100 with Hypersil ODS 5
pm, 125 x 4 mm column; Agilent Technologies, CA,
USA) for full scan and 30 pL for MS/MS at a flow rate
of 1 mL/min. Eluate from the HPLC was analysed using
an ABI QSTAR® XL mass spectrometer fitted with an
APCI source in negative mode. The scan type in full
scan mode was TOF with an accumulation time of
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1.0000 s, mass range between 50 and 1500 Da and dura-
tion time of 55 min. Source parameters were as follows:
ion source gas (GS) 1 80; ion GS2 10; curtain gas (CUR)
30; nebulizer current (NC) -3.0; temperature 400°C;
declustering potential (DP) -60; focusing potential (FP)
-265; DP2 -15. In MS/MS mode, scan type was product
ion, accumulation time was 1.0000 s, scan range
between 50 and 650 Da and duration time 55 min. All
source parameters are the same as above, with collision
energy (CE) of -35 V and collision gas (CID, nitrogen)
of 5 psi. For MS3 work, the excitation energy was set at
180 V.

Preliminary isolation of CRC biomarkers and NMR analysis
For the thin layer chromatographic methods, all chemi-
cals and media were purchased from Sigma-Aldrich
Canada Ltd (ON, Canada). All solvents were HPLC
grade. Analytical thin layer chromatography (TLC) was
carried out on pre-coated silica gel TLC aluminum
sheets (EM Science, NJ, USA; Kieselgel 60 Fysy, 5 x 2
cm x 0.2 mm). Compounds were visualized under ultra-
violet light (254/366 nm) or placed in an iodine vapour
tank and by dipping the plates in a 5% aqueous (w/v)
phosphomolybdic acid solution containing 1% (w/v)
ceric sulphate and 4% (v/v) HySOy, followed by heating.
NMR spectra were recorded on Bruker Avance spectro-
meters; for *H (500 MHz), & values were referenced to
CDCl3 (CHCI; at 7.24 ppm) and for *C NMR (125.8
MHz) referenced to CDCl; (77.23 ppm).

Ethyl acetate extracts of commercial serum (180 mL
serum, 500 mg extract) was subjected to reverse phase
flash column chromatography (FCC) with a step gradi-
ent elution; acetonitrile - water 25:75 to 100% acetoni-
trile. The fractions collected were analysed by LC/MS
and MS/MS. The fractions containing the CRC biomar-
kers were pooled (12.5 mg). This procedure was
repeated several times to obtain about 60 mg of CRC
biomarker rich fraction. This combined sample was then
subjected to FCC with a step gradient elution; hexane-
chloroform-methanol and the fractions collected sub-
jected to LC/MS and MS/MS analysis. The biomarker
rich fraction labelled sample A (5.4 mg, about 65%) was
analysed by NMR. Sample A (3 mg) was then treated
with excess ethereal diazomethane and kept overnight at
room temperature. After the removal of solvent, the
sample was analyzed by NMR.

TQ-MRM methodology

Serum samples were extracted as described for non-tar-
geted FTICR-MS analysis, with the addition of 10 ug/
mL ['*C;]cholic acid to the serum prior to extraction
(resulting in a final ethyl acetate concentration of [**C,]
cholic acid of 36 nM. The ethyl acetate organic fraction
was used for the analysis of each sample. A series of
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[*3C,]cholic acid dilutions in ethyl acetate from Randox
serum extracts was used to generate a standard curve
ranging between 0.00022 pg/mL and 0.222 pg/mL. 100
pL of sample were injected by flow-injection analysis
into the 4000QTRAP™ equipped with a TurboV™ source
with an APCI probe. The carrier solvent was 90%
methanol:10% ethyl acetate, with a flow rate of 360 pL/
min into the APCI source. The source gas parameters
were as follows: CUR: 10.0, CAD: 6, NC: -3.0, TEM:
400, GS1: 15, interface heater on. ‘Compound’ settings
were as follows: entrance potential (EP): -10, and colli-
sion cell exit potential (CXP): -20.0. The method is
based on the MRM of one parent ion transition for each
of the C28 molecules (445,3-383.4 Da, 447 4-385.4 Da,
and 449.4-405.4 Da) and a single transition for the inter-
nal standard (408.3-343.4 Da). Each of the transitions
was monitored for 250 ms for a total cycle time of 2.3 s.
The total acquisition time per sample was approximately
1 min. All accepted analyses showed R” correlation coef-
ficients for the linear regression equation of >0.98.
[*3C,]cholic acid equivalents for each of the three C28
molecules were calculated by determining the percent
recovery of [**C;]cholic acid in each sample by dividing
the extrapolated concentration by 0.0148 ug/ml (36 nM,
the theoretical amount present in the ethyl acetate
extract of each sample). Metabolite concentrations
represented as [13C,]cholic acid equivalents were then
extrapolated, normalized by dividing by the percent
recovery and multiplied by appropriate extraction ditu-
tion factors to yield a final serum concentration.

Statistical analysis

FTICR-MS accurate mass array alignments were per-
formed using DISCOVAmetrics™ version 3.0 {Phenomen-
ome Discoveries Inc, Saskatoon, Canada). Statistical
analysis and graphs of FTICR-MS data was carried out
using Microsoft Office Excel 2007 and distribution analy-
sis of TQ-MRM data and was analysed using JMP version
8.0.1. Meta Analysis (Fisher’s inverse chi-square method)
was carried out using SAS 9.2 and R 2.9.0. Two-tailed
unpaired Student’s t-tests were used for determination of
significance between CRC and controls. P-values of less
than 0.05 were considered significant, Receiver operating
curve (ROC) curves were generated using the continuous
data mode of JROCFIT http://www.jrocfit.org.

Results

FTICR metabolomic profiling

The experimental workflow for the studies described in
this paper is summarized in Figure 1. Non-targeted meta-
bolomic profiles of sera from three independent popula-
tions of treatment-naive CRC patients and geographically
and ethnically matched healthy controls (summarized in
Table 1) were generated over a 24-month period (that is,
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each study was separated by approximately 12 months).
The first study comprised 40 CRC patients and 50 con-
trol subjects acquired from Genomics Collaborative, Inc
(GCD); the second study comprised 26 CRC subjects and
25 controls acquired from Seracare Lifesciences Inc; and
the third study included 46 CRC and 35 controls pro-
spectively collected in Osaka, Japan. In all cases, serum
metabolites were captured through a liquid extraction
process (see Methods), followed by direct infusion of the
extracts using negative electrospray ionization (nESI) and
negative atmospheric pressure chemical ionization
{(nAPCI) on an FTICR mass spectrometer. The resulting
spectral data of all the subjects for each study was aligned
within 1 ppm mass accuracy, background peaks were
subtracted, and a two-dimensional array table comprising
the intensities each of the sample-specific spectral peaks
was created using custom informatics software (see
Methods). Metabolic differences between CRC patient
and control profiles for the three independent studies
were visualized by plotting the control mean-normalized
log ratio peak intensities across the detected mass range
as shown in Figures 2A to 2C. In each independent
study, a region of spectra between approximately 440 and
600 Da showed peaks consistently reduced in intensity in
CRC patients relative to controls (green, yellow, orange
and red points in Figure 2). On average, this cluster of
masses showed between 50% and 75% reduction in CRC
patient serum compared to the respective controls, with
p-values of 1 x 10 or lower in each study.

The overlap between each of the discovery studies was
further investigated by ranking the top 50 masses based
upon P-value from each study and comparing them with
masses showing a significant difference (P < 0.05 between
CRC and controls) in the other studies as shown in Table
2. For example, 46 of the top 50 metabolites (92%) with
the lowest p-values in the GCI discovery set were also sig-
nificant (P < 0.05) in the Seracare 1 dataset, while 31 out
of the 50 GCI masses were significant {P < 0.05) in the
Osaka dataset. Likewise, the top 50 metabolites in the
Osaka study showed 88% and 94% redundancy with meta-
bolites showing P < 0.05 in the GCI and Seracare 1 stu-
dies, respectively. These results indicated a very high
degree of commonality among significantly differentiated
masses across the three studies, and in fact, 63% of the top
50 masses in each study were also present within the top
50 of at least one of the other two studies (see Additional
File 2). Of the top 50 rank-ordered masses, only those
identified in more than one study were found to exist
within the 440 to 600 Da mass range highlighted above
and there was not a single peak detected outside this
region which was significantly different between CRCs and
controls in any two of the studies. Filtering for metabolic
differences detected exclusively in all three studies (as well
as removal of C13 isotopic peaks and redundant masses
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GCl
40 CRC, 50 controls

Seracare 1 Osaka
26 CRC, 25 controls 46 CRC, 35 controls

DISCOVERY

DISCOVERY: Independent non-targeted
FTICR-MS metabolomic profiles

Identification of the common masses showing a
significant reduction in CRC patients across all three

studies

STRUCTURAL

ELUCIDATION

Characterization of metabolite markers as 28 to
36 carbon-containing polyunsaturated
hydroxylated carboxylic acids

Development of a triple-
quadrupole MS targeted assay

for th‘ree’C28'markers'

TRIPLE-

QUADRUPOLE
MRM VALIDATION

 VALIDATION:
. Seracare2
- 70.CRC, 70 controls

~ VALIDATION:
~ Chiba
40 CRC,40 controls

Figure 1 Study design. The study comprised three phases: Fourier transform ion cyclotron resonance mass spectrometry metabolomic
discovery in three independent sample sets, structural investigation and determination of metabalic biomarkers as hydroxylated polyunsaturated
ultra long-chain fatty acids and validation using a triple-quadrupole multiple reaction monitoring targeted assay.

detected in both ESI and APCI), resulted in 13 masses
representing individual ">C metabolites as shown in Table
3. These represented the most statistically significant and
robust discriminators among the three studies. Subsequent
molecular formula assignments, as discussed further
below, as well as related expression profiles, suggested that
the metabolites belonged to a related chemical family.

The relative intensities of the two lowest molecular
weight molecules with nominal masses of 446 and 448
are shown in Figure 3A. We observed little to no corre-
lation between the reduction of the metabolites and dis-
ease stage (Figures 3A and 3B), and ROC curve analysis
resulted in an average area under-the-curve (AUC) of

0.91 + 0.03 (Figure 3C; individual AUCs shown) across
all three studies for all stages combined.

Computational assignments of reasonable molecular
formulas were then carried out for the 13 masses identi-
fied above, as well as the top 50 for each discovery set
shown in Additional File 2. The assignments were based
on a series of mathematical and chemometric rules as
described previously [23], which are reliant on high mass
accuracy for precise prediction. The algorithm computes
the number of carbons, hydrogens, oxygens and other
elements, based on their exact mass, which can be
assigned to a detected accurate mass within defined con-
straints. Logical putative molecular formulas were
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Figure 2 Scatter plots of average sample peak intensity fold
change between colorectal cancer (CRC) and normal patient
sera in three independent studies. Sample-specific peaks for ail
subjects were log2 normalized to the mean of the control
population, and plotted according to mass {Da). Points are coloured
according to significance based on an unpaired Students't-test {see
legend). (A) Genomics Collaborative Inc discovery population, (8)
Seracare 1 discovery population, (C) Osaka discovery population, The
region boxed in grey represents the cluster of masses between 440
and 600 Da consistently reduced in the CRC patient population
compared to controls in alf three cohorts.
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computed for masses in Table 3 (and Additional File 2),
resulting in elemental compositions containing either 28,
30, 32 or 36 carbons and four to six oxygen. We used
this information in the subsequent section to select
appropriate molecules for structural comparison studies.
Collectively, the results indicated a consistent 50% to
75% reduction of organically soluble oxygenated metabo-
lites ranging between 28 and 36 carbons in length, in the
serum of CRC patients compared to controls.

Structural elucidation

Selected ethyl acetate extracts of serum from the GCI
cohort used in the FTICR-MS work described above
were re-analysed using HPLC coupled to a quadrupole
time-of-flight (Q-TOF) MS in full-scan APCI negative
ion mode. Consistent with the FTICR-MS results, a
cluster of peaks between approximately 440 and 600 Da
at a retention time of between 16 and 18 min following
reverse-phase HPLC was detected in asymptomatic con-
trol sera, but was absent from CRC patient serum (Fig-
ure 4), Molecular ions from all six C28 biomarkers {(m/z
446, m/z 448, m/z 450, m/z 464, m/z 466 and m/z 468)
as well as many of the remaining C32 and C36 markers
were easily detectable within normal serum. Extracted
masses up to 400 Da within the 16-18 min retention
time showed similar peak intensities in both populations
(Figure 4, region to the right of the box), as did
extracted mass spectra at other retention times (not
shown), reinforcing the specificity of this depleted meta-
bolic region for CRC patient serum,

Tandem mass spectrometric fragmentation finger-
prints were next generated for the six C28 biomarkers
(Table 4, see Additional Files 345678) and for the higher
C32 and C36 biomarkers (see Additional File 9). The
MS/MS and MS3 fragmentation data of the six C28 bio-
markers were dominated by peaks resulting from losses
of H,O (m/z 427, 429, 431, 445, 447 and 449), losses of
two molecules of HyO (m/z 409, 411, 413, 427, 429,
431), losses of CO, (m/z 401, 403, 405, 419, 421, 423)
and losses of CO, and H,O {m/z 383, 385, 387, 401,
403, 405), indicating the presence of carboxylic acid
functionality and two or more hydroxyl groups. The
molecular formulae, organic properties of the molecules
and the tandem MS data suggested that the metabolites
were derivatives or analogues of one or more possible
classes of molecules including fat soluble vitamins such
as retinol and retinoic acid (vitamin A), calciferols (vita-
min D), tocopherols (vitamin E), phylloquinones (vita-
min K), steroids or bile acids, or long chain
polyunsaturated hydroxy fatty acids. Tandem mass spec-
trometric fragmentation fingerprints of standards for
each of these metabolic classes were therefore generated
including 55,65-(7E,9E,117,147)-dihydroxyeicosatetrae-
noic acid (1), 15S-Hydroxy-(57,87,11Z,13E)-
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