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Abstract
Human tissues are an important source of biological material for the discovery of novel
biomarkers. Fresh-frozen tissue could represent an ideal supply of archival material for molecular
investigations. However, immediate flash freezing is usually not possible, especially for rare or
valuable tissue samples such as biopsies. Here, we investigated the compatibility of RCL2/CS100,
a non-crosslinking, non-toxic, and non-volatile organic fixative, with shotgun proteomic analyses.
Several protein extraction protocols compatible with mass spectrometry were investigated from
RCL2/CS100-fixed and fresh-frozen colonic mucosa, breast, and prostate tissues. The peptides
and proteins identified from RCL2/CS100 tissue were then comprehensively compared with those
identified from matched fresh-frozen tissues using a bottom-up strategy based on nano-reversed
phase liquid chromatography coupled with tandem mass spectrometry (nanoRPLC-MS/MS).
Results showed that similar peptides could be identified in both archival conditions and the
proteome coverage was not obviously compromised by the RCL2/CS100 fixation process.
NanoRPLC-MS/MS of laser capture microdissected RCL2/CS100-fixed tissues gave the same
amount of biological information as that recovered from whole RCL2/CS100-fixed or frozen
tissues. We next performed MALDI tissue profiling and imaging mass spectrometry and observed
a high level of agreement in protein expression as well as excellent agreement between the images
obtained from RCL2/CS100-fixed and fresh-frozen tissue samples. These results suggest that
RCL2/CS100-fixed tissues are suitable for shotgun proteomic analyses and tissue imaging. More
importantly, this alternate fixative opens the door to the analysis of small, valuable, and rare target
lesions that are usually inaccessible to complementary biomarker-driven genomic and proteomic
research.
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Introduction
Tissue analyses including histomorphological and immunohistochemical approaches are
traditionally used to perform cancer diagnosis or to predict individual cancer patient
outcomes. Formalin fixation and paraffin embedding (FFPE) of tissues preserves the
cellular, architectural, and morphological details observed by microscopic evaluation of thin
tissue sections. This process also stabilizes tissues, allowing for easy storage at room
temperature for extensive periods of time. For these reasons, tissue archiving has been
performed by FFPE for several decades and is still today the standard processing
methodology practiced in histopathology laboratories worldwide. FFPE preserved tissues
are therefore the most abundant supply of archival material. High-throughput technologies,
such as gene- or protein-tissue arrays, can rapidly screen and identify new biomarkers,
which could greatly improve cancer patient management. However, significant obstacles
remain in applying these technologies to such clinical samples. Indeed, drawbacks exist
concerning FFPE tissue storage and fixation, since protein and nucleic acid integrity are
affected by formaldehyde-induced crosslinking 1-4. FFPE alters and fragments nucleic acids,
impairing the extraction efficacy and quality of DNA, and more strikingly RNA, thus
preventing high quality molecular analyses 5. In addition, as a highly reactive dipolar
compound, formalin facilitates the formation of protein-protein crosslinks in vitro and
therefore renders FFPE tissues refractory to conventional procedures of protein extraction
and subsequent analyses 2, 3. Nevertheless, several procedures to overcome some of these
drawbacks have been reported. Thus, some protocols have been shown to generate
amplicons of up to 70 base pairs for analysis by real-time PCR 6-8. In addition, using
bottom-up proteomic strategies based on nano-reversed phase liquid chromatography
coupled with tandem mass spectrometry (nanoRPLC-MS/MS) 9-16 and MALDI-based
imaging mass spectrometry 17-19, some proteomic investigations from FFPE archived
tissues have been successfully realized. More recently, Nirmalan et al. described a novel
protein extraction methodology for western blotting analysis 20. An additional significant
drawback is that formalin is an extremely toxic fixative. Repeated exposure via nasal, oral,
or dermal routes is a human health risk with outcomes ranging from minor irritation of the
eyes, nose, and throat to more severe complications, including dysphagia, bronchitis,
pneumonia, and squamous cell carcinoma of the nose and pharynx 21, 22. Consequently,
several worldwide regulatory agencies and professional societies have recommended new
restrictive occupational exposure limits for formaldehyde.

Unfixed fresh- or snap-frozen tissues could represent a robust alternative for complete
molecular analyses, including genomic, transcriptomic, and proteomic analyses, but these
samples do not provide sufficient accurate morphological details and may impair
histological diagnosis. Further, especially for clinical biopsies, availability may be limited
and transport and long-term storage complicated. It is therefore necessary to modernize
pathology and propose new alternatives for tissue sample archives. Alternative alcohol-
based and formalin-free non-crosslinking tissue fixation procedures, such as Methacarn,
UMFIX, or FineFIX, have been shown to be ideal for preserving the morphological details
and for DNA and RNA extraction, but the related procedures have been poorly investigated
in the proteomic fields 23-28. Ethanol-fixed tissues have also been investigated with relevant
results for proteomic investigations 3, 29, 30. In our laboratory, we have previously tested
tissue preservation with RCL2/CS100, a new non-crosslinking, non-toxic, and non-volatile
fixative, for its effects on morphology as well as DNA and RNA integrity. Interestingly, the
histomorphology of RCL2/CS100-fixed paraffin-embedded tissues was found to be similar
to that observed from matched formalin-fixed tissues. RCL2/CS100 fixation preserved DNA
integrity as demonstrated by successful amplification and sequencing of large DNA
amplicons. Similarly, high-quality RNA could be extracted from microdissected breast
tumor cells from RCL2/CS100-fixed paraffin-embedded biopsies as assessed by
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electropherogram profiles and real-time reverse transcription-polymerase chain reaction
quantification of various genes 31. More recently, we successfully assessed the compatibility
of RCL2/CS100-fixed tissues with several proteomic approaches, including 1- and 2-D gel
electrophoresis, immunohistochemistry, western blot, and SELDI MS analyses 1. In the
present study, we expanded our investigations and demonstrated that RCL2/CS100-fixed
tissues are also suitable for bottom-up proteomics using nanoRPLC-MS/MS and for
MALDI-based tissue profiling and imaging mass spectrometry. Since both technologies are
very powerful for performing proteomic biomarker discovery investigations, we believe that
RCL2/CS100-fixed tissue samples represent an easy-to-use alternative to fresh-frozen tissue,
especially for rare and valuable tissue samples.

Experimental sections
Tissue samples and processing

Normal colonic mucosa (n=3), prostate (n=3), and primary breast carcinoma (n=3) tissue
samples were acquired by the Department of Pathology (Montpellier). Informed consent was
obtained from all patients. To assess the feasibility of peptide identifications from RCL2/
CS100-fixed tissues, tissue blocks (1cm3) were cut into two equal parts. From each block,
one half was immediately snap-frozen in liquid nitrogen and stored at -80°C. The other was
fixed overnight (12h) at 4°C in RCL2/CS100 (volume tumor × 10-20) as recommended by
manufacturer (Alphelys, Plaisir, France, www.alphelys.com), dehydrated in eight baths of
graded ethanol (30 min each) and two baths of xylene (1 hour each), and paraffin-embedded
using a TissueTek VIP automated processor (Bayer HealthCare Diagnosis Division). RCL2/
CS100 paraffin-embedded blocks were stored at -20°C.

For direct protein extraction, five 7-μm-thick sections from frozen or RCL2/CS100-fixed
tissues from each patient were cut from each block and pooled into a 1.5-ml tube. For the
RCL2/CS100-fixed tissues, the sections were de-waxed for 1 hour at 65°C followed by three
5-min extractions in 100% xylene at 65°C prior to washing with 100% ethanol. Tissue
samples were air-dried, and the proteins were extracted and analyzed by nanoRPLC-MS/MS
as described below.

For tissue microdissection, 7-μm-thick paraffin-embedded breast tissue sections were
deparaffinized before staining with haematoxylin in 100% ethanol according to the
manufacturer's protocol (Acturus Engineering) and stored in a desiccated container for at
least 15 min before laser capture microdissection (LCM). For each analysis, 5,000 cells were
laser-captured from the same tissue using the PixCell II LCM system (Acturus Engineering).
Microdissection efficiency was assessed by examining cells present on the LCM cap.
Microdissected cells were stored at -80°C prior to analysis.

Protein extraction
In order to test buffer conditions that are directly compatible with sequencing grade
modified trypsin digestion and analysis using nanoRPLC-MS/MS, 7-μm-thick tissue
sections and microdissected cells were processed using different lysis buffers.

Protein extraction from normal colonic mucosa (n=3), prostate (n=3), and primary breast
carcinoma (n=3) tissue samples was performed for each patient. Protein extraction was
performed in three independent replicates. For 7-μm thick sections, proteins were extracted
for 30 min at 95°C followed by 2 hr at 60°C with 60 μl of buffer A (100 mM
triethylammonium bicarbonate, 30% acetonitrile), buffer B (50 mM triethylammonium
bicarbonate, 0.1% RapiGest SF; Waters, Milford, USA), or buffer C (50 mM Tris-HCl pH
7.5, 150 mM NaCl, 0.5% Triton X-100, 1% SDS, 0.5% deoxycholate). Protein extracts were
clarified at 15,000 g for 2 min at 4°C and stored at -20°C until analysis. Protein
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concentrations were measured using the Micro BCA Protein Assay Kit (Pierce
Biotechnology, Rockford, IL) according to the manufacturer's protocol. Protein
concentrations were measured using 1 or 2 μl of the protein extracts. Forty micrograms of
the buffer B samples were incubated with 2 μg of trypsin Gold, mass spectrometry grade
(Promega), at 37°C overnight. The reducing agent DTT was added to a final concentration
of 10 mM. The samples were reduced for 30 min at 60°C and then alkylated for 30 min at
room temperature with 10 mM iodoacetamide. Samples were stored at -20°C until analysis.

For the microdissected cells, films from the LCM caps were removed and transferred into a
tube containing 40 μl of buffer B. The cells were spun at 10,000 g for 1 min, incubated at
95°C for 90 min, then cooled on ice for 3 min. Samples were then incubated with 2 μg of
trypsin Gold at 37°C overnight. Protein concentrations were measured from 2 μl of sample.
The samples were then incubated for 5 min at 95°C with reducing agent and stored at -20°C
until analysis.

Statistical analysis of protein recovery yields
Statistical analyses were done using Student's t test and Mann-Whitney U test for
comparison of two groups and using one-way ANOVA with Bonferroni multiple
comparison post-test and non-parametric ANOVA with Dunn's multiple comparison post-
test for comparison of more than two groups using GraphPad InStat (version 3.06). A
probability level of P < 0.05 was chosen for statistical significance.

Mass spectrometry analysis of protein extracts
After protein extraction with buffer B, one digested sample for each tissue was clarified at
5,000 rpm for 5 min, vacuum-dried, re-dissolved in 100 μl of 5% acetonitrile (ACN) and
0.5% trifluoroacetic acid (TFA), and purified by activated PepClean™ C-18 Spin Columns
according to the manufacturer's protocol (Pierce Biotechnology, Rockford, IL). Peptides
were eluted and dried before being reconstituted for nanoRPLC-MS/MS.

Peptides were separated using an Ultimate 3000 nano LC system (Dionex Corporation)
coupled to a Probot™ Microfraction Collector (Dionex Corporation). NanoRPLC
separations were performed using an Acclaim PepMap™ (C18, 3 μm, 100 Å) 75 μm/15 cm
column (Dionex – LC Packing). The mobile phases used were 2% ACN with 0.05% TFA
(A) and 80% ACN with 0.05% TFA (B). The gradient elution steps were 0-30% B in 120
min, 30-60% B in 30 min, 60-100% B in 20 min, and then 100% B for an additional 10 min,
at a flow rate of 0.3 μl/min. The fractions were mixed directly with the MALDI matrix
solution (2 mg/ml α-cyano-4-hydroxycinnamic acid in 70% ACN with 0.1% TFA) at a flow
rate of 1.5 μl/min. Forty femtomole of human [Glu1] Fibrinopeptide B (m/z 1570.57) was
spiked into each spot as an internal standard. Spotting onto Opti-TOF™ LC/MALDI insert
plates (Applied Biosystems) was performed using the Probot spotting device, during 190
min at a speed of 7 s per well.

Opti-TOF™ LC/MALDI insert plates were analyzed using a MALDI TOF/TOF 4800
Proteomics Analyzer mass spectrometer (Applied Biosystems). MS spectra from m/z
700-4,000 were acquired in positive reflector ion mode using 1,500 laser shots. The 10 most
abundant peptide precursor ions with signal-to-noise (S/N) ratios greater or equal to 50 were
selected for MS/MS analysis using 3,500 laser shots from m/z 300-1,500. Two independent
experiments were performed for each tissue. Protein identification was performed as
described below.
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Data analysis and interpretation
The combined MS/MS spectra obtained from the two independent experiments were
searched against the UniProt human proteomic database (uniprot_sprot300108) from the
European Bioinformatics Institute using the ProteinPilot™ Software 2.0 and Paragon
method (Applied Biosystems, Software revision 50861). Search parameters such as tryptic
cleavage specificity, precursor ion accuracy, and fragment ion mass accuracy are built-in
functions of the ProteinPilot Software. The unused protein score calculated by ProteinPilot
is a measurement of protein identification confidence that takes into account all peptide
evidence for a protein and excludes any evidence that is better explained by a higher ranking
protein. Proteins with one high confidence (>95%) unique peptide were considered as
positively identified. A decoy database was used to estimate the false discovery rate (FDR).
The molecular functions and cellular localizations of the unique proteins identified in this
study were categorized using the Protein Family Classification System iProClass
(http://pir.georgetown.edu/).

Tissue profiling and imaging by MALDI MS
Fresh-frozen sections from colon, prostate, and breast tissues were cut at -15°C at a
thickness of 10 μm in a cryostat (CM 3050 S, Leica Microsystems GmbH, Wetzlar
Germany) and thaw-mounted on conductive glass slides. For histological evaluation, serial
sections were also cut and subsequently stained by haematoxylin and eosin (H&E) using
standard protocols. Sections destined to be analyzed by MALDI MS were then rinsed in
successive Petri dishes containing 70% and 95% isopropanol solutions for 30 s each to
remove the lipid component and improve signal quality 32. The sections were then allowed
to dry in a vacuum desiccator for several minutes prior to matrix deposition.

Sections from the matching RCL2-fixed tissue specimens were cut at a thickness of 5 μm
using a microtome (HM325A, Utech Products, Inc., Schenectady, NY) and either mounted
on MALDI compatible conductive glass slides for subsequent MS analyses or standard
microscope slides for staining and histological evaluation. Paraffin removal was
accomplished by washes in xylene (100% twice for 10 s) and graded ethanol concentrations
(100% twice for 10 s and 95%, 80%, and 70% for 10 s each). The slides were then allowed
to fully dry in an oven for 1 h at 65°C.

For tissue profiling and imaging experiments, 20 mg/ml sinapinic acid prepared in 50%
acetonitrile and 0.2% trifluoroacetic acid was used as the MALDI matrix. For the profiling
studies, matrix was manually deposited on the sections by overlaying two 300-nl droplets at
the desired coordinate guided by the histology of each section. For all imaging studies,
matrix was automatically deposited on the sections using an acoustic ejection-based Portrait
630 multispotter (Labcyte Inc. Sunnyvale CA) 33-35. In this case, matrix was printed with a
200 μm center-to-center spacing. Each print pattern was repeated for 30 cycles ejecting 1
drop of matrix per cycle. The volume for each drop was estimated to be ∼170 pl.

All sections were analyzed by MALDI-TOF MS using an Autoflex II mass spectrometer
(Bruker Daltonics, Billerica MA) operated in the positive linear mode geometry under
delayed extraction condition time focused at ∼m/z 15,000. In this case, the best resolutions
(M/ΔM measured at full width at half maximum) close to ∼1,000 were attainable for ions at
or around m/z 15,000, whereas acceptable resolutions in the range of 600 were obtainable
for m/z values in the range of 5,000 to 25,000. The instrument was mass-calibrated in the m/
z range from 5,000 to 25,000 using a mixture of standard proteins. Protein profiling data
were manually acquired by averaging signals from 10 series of 100 shots (1,000 total shots
per spectrum). Imaging MS data were acquired, baseline corrected, and assembled and
visualized using the FlexImaging 2.2 software (Bruker Daltonics, Billerica MA). One mass
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spectrum was acquired per matrix spot. Each spot was analyzed in the same manner by
averaging signals from 250 laser shots acquired in 5 series of 50 shots with each series
acquired from a different location in a spiral pattern within the spot.

Results
Extraction of proteins by different protocols

The impact of RCL2/CS100 fixation on the ability to extract and identify peptides and
proteins by nanoRPLC-MS/MS was undertaken in comparison to similar measurements
performed from corresponding frozen tissue specimens. Several types of tissue samples,
colonic mucosa, prostate, and breast tissues, were therefore snap-frozen or fixed in RCL2/
CS100 before paraffin embedding. We first tested different conditions to improve protein
extraction. Two extraction buffers compatible with trypsin digestion and subsequent
nanoRPLC-MS/MS analysis (buffers A and B) were compared to a reference buffer used for
radioimmunoprecipitation assays (RIPA, buffer C) (Table 1). Quantitative comparisons of
extracted proteins from RLC2/CS100 and frozen tissues revealed that buffer B, which
contained an acid-cleavable anionic detergent (RapiGest), gave systematically similar
protein yields with respect to the reference buffer C, with 80-120% of the protein extracted
in the three different tissue samples. By comparison, buffer A, which contained 30%
acetonitrile, showed significant lower amounts of protein extracted than buffer C (p < 0.05).
For this reason, buffer B was chosen for the subsequent analyses using nanoRPLC-MS/MS.
Overall, protein recovery yields obtained from frozen tissues were not found to be
significantly different compared to those obtained from RCL2/CS100-fixed tissues,
regardless of the extraction protocol used (p > 0.05).

Protein identification from frozen tissue and RCL2/CS100-fixed tissue
In order to evaluate the effects of RCL2/CS100 fixation, the numbers of peptides and
proteins extracted from fresh-frozen and RCL2/CS100-fixed tissues were compared by LC-
MS/MS. A total of 26,522 MS/MS non-empty spectra were generated by nanoRPLC-MS/
MS analysis from the three tissue samples and the different preservation conditions. These
were searched against the UniProt human proteomic database using ProteinPilot with
stringent criteria and a Protscore > 1.3 (C.I. > 95%) cut-off. The number of distinct peptides
and identified proteins in each condition are shown in Table 2. For the prostate, breast, and
colon tissues, a total of 172, 226, and 309 identified proteins, respectively, were found to be
common in both the RCL2/CS100 and frozen conditions. To evaluate a false discovery rate,
the MS/MS spectra were searched against a decoy database with all protein sequences
shuffled. No protein could be identified. The complete list of the proteins identified can be
found in Supplemental Table S1. A representative set of MS/MS spectra of the same
peptides consistently identified across the RCL2/CS100-fixed and frozen colonic mucosa,
prostate, and breast tissues is presented in Supplemental Figure S1 and shows that proteins
can be conclusively identified from these tissues for both preservation conditions.
Additionally, we compared five proteins identified from RCL2/CS100-fixed and frozen
colonic mucosa tissues on the basis of sequence coverage and number of unique peptides,
and overall an excellent correspondence was observed between both tissue preservation
conditions (Table 3).

The molecular functions and cellular localizations of all proteins identified in the colonic
mucosa, prostate, and breast tissues were classified using the gene ontology classification
system (Figure 1). The proteins were associated with every cellular compartment and
represented a broad range of molecular functions, including signal transduction, cell
proliferation, and transcription. When we compared the gene ontology classification of the
proteins identified from RCL2/CS100-fixed tissues with those from frozen tissues, we did
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not observe any significant bias between both modes of preservation (Figure 1). Finally, we
compared the cellular localization of proteins from the same tissues that were found to be
different after fresh-frozen or RCL2/CS100 preservation and found no substantial specific
bias potentially introduced by the RCL2/CS100 process on protein extraction (Figure 2).

Laser cell microdissection from RCL2/CS100-fixed tissues
One of the technical challenges in the field of cancer is the ability to analyze proteins from
relatively complex cell populations. Tumor tissues are highly heterogeneous samples
composed of various types of non-tumor cells, such as inflammatory, endothelial, and
normal cells. All of these components are homogenized together during protein extraction
and can explain the lack of reproducible results due to the variable ratio of cell populations
between different samples. Cell enrichment via laser capture microdissection (LCM) solves
this problem by allowing cell-specific proteomic analyses. We thus performed LCM to
purify or select cancer cells from normal or stromal cells from RCL2/CS100-fixed breast
tissues. Areas corresponding to ∼5,000 cells were excised from thin sections and lysed using
buffer B. Typically, 14 ± 1.8 μg of proteins were obtained from each of the six LCM
analyses. The total number of proteins identified after LCM of cancer cells was similar to
the number detected from the global analysis of the breast tumor tissue samples (Table 2);
59% of proteins were identified by two or more unique peptides. Further, using gene
ontology classification, we observed that a similar amount of information can be extracted
from cells after LCM of RCL2/CS100-fixed breast cancer tissue samples as compared with
whole RCL2/CS100-fixed breast tissue samples (Figure 1). Interestingly, among the proteins
identified by at least two unique peptides, 12% and 17% for LCM and global RCL2/CS100-
fixed tissues, respectively, were found to be unique. Of these, some proteins enriched in the
LCM breast samples have been shown to be involved in breast tumorigenesis or be related to
regulation of the estrogen receptor (Table 4).

Tissue profiling and imaging by MALDI MS
The proteomic content of thin sections cut from RCL2/CS100-fixed tissue specimens was
investigated by MALDI profiling and imaging mass spectrometry. In order to assess the
quality of the spectrometric data and to better understand the effect of the preservation
procedure, profiles and images obtained from the RCL2/CS100-fixed samples were again
compared to those obtained from the fresh-frozen samples. Initial protein profiling
measurements were performed on sections from the RCL2/CS100-fixed specimens. After
sectioning, paraffin removal, and partial rehydration, MALDI matrix (sinapinic acid) was
directly deposited on targeted areas of the tissue sections guided by the histology observed
from the serially cut and stained sections. In parallel, sections from the fresh-frozen matched
tissues were also cut and spotted under histological guidance with the same matrix solution.
After solvent evaporation and matrix crystallization, the samples were analyzed by MALDI-
TOF MS using the same instrument settings. MS data was manually acquired in the same
manner by averaging signals from 1,000 laser shots from random positions within the matrix
spots. Figure 3 presents typical protein profiles obtained from the fresh-frozen and RCL2/
CS100-fixed colonic mucosa specimen in the m/z range up to 20,000. Similar results are
presented in Supplemental Figure S1, which presents the protein profiles obtained from
areas of the cancerous breast and normal prostate fresh-frozen and RCL2/CS100-fixed
samples.

Several general trends were observed. First, the overall quality of the spectra in terms of
resolution, signal-to-noise ratio, and overall signal intensity was consistently better for fresh-
frozen sections. Therefore, overall number of signals detected from the fresh-frozen sections
was increased by roughly a factor of two with respect to those obtained from RCL2/CS100-
fixed sections. Second, almost all of the signals observed when analyzing the RCL2/CS100-
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fixed sections were also observed upon analysis of matched fresh-frozen sections with close
to the same relative intensities. A handful of signals, some of which had significant
intensities, were however found to be unique to RCL2/CS100-fixation. Another consistent
observation from the analysis of RCL2/CS100-fixed tissues sections was a general trend of
lower intensity hemoglobin signals (Figures 3 and S1). This can be an added benefit of
RCL2/CS100 fixation, because for some highly vascularized tissue types such as lung,
overwhelming hemoglobin signals can be observed, leading to evident ion suppression
effects.

Imaging MS experiments from fresh-frozen and matched RCL2/CS100-fixed colon sections
were also performed (Figure 4). Sections were automatically printed with a 200 μm center-
to-center pitch over the areas to be imaged. From the RCL2/CS100-fixed colon section, over
60 meaningful protein images were recovered, whereas from the matched fresh-frozen
section, over 200 images were recovered. A large majority of the signals observed in
common across both modes of tissue preservation gave very similar molecular images. This
is exemplified in Figure 4, which presents imaging MS results for a subset of signals, most
of which were common in both sections, along with the corresponding histologies. For all of
the proteins presented, excellent agreement was observed between the images obtained from
the fresh-frozen and the RCL2/CS100-fixed sections in correlation with the observed
histology. The signal at m/z 14210 was found to clearly localize within the colon mucosa,
the signal at m/z 4568 was strongly expressed in the sub-mucosa, the signal at m/z 3968 was
uniquely expressed in colon circular smooth muscles, and the signal at m/z 3370 correlated
well with fat-containing soft tissues. Finally, the signal at m/z 66430, which most probably
corresponds to albumin, was abundant in the sub-mucosa from both specimens but was not
plotted in the composite density map assembled for the RCL2/CS100-fixed section to avoid
congestion.

Discussion
Over the past 20 years, major advances in biotechnology have focused on cataloguing
cancer traits at the DNA, RNA, and protein levels. It is now conceivable that large-scale
genomic and proteomic investigations will provide novel insights into early detection,
diagnosis, prognosis, and monitoring of disease progression. With early diagnosis of cancer,
tumor size has become smaller, which limits the availability of biopsy tissue samples for
clinical research studies. It is therefore of high importance to find non-toxic tissue fixatives
that provide high quality histomorphology and are amenable to genomic and proteomic
studies. We have previously demonstrated that RCL2/CS100, a promising new fixative, has
great potential for concomitantly performing morphological and molecular analyses on the
same tissue sample. In a first study, we showed that RCL2/CS 100 was highly suitable for
preservation of tissue morphology, DNA, and most importantly RNA 31. In a second study1,
we performed a careful comparison of RCL2/CS100 and formaline fixative using different
paraffin-embedded tissue samples and found that no morphological detail and protein
degradation were seen by microscopic observation and immunohistochemistry on specimens
stored at room temperature for over 8 years supporting its potential use in long-term tissue
storage. Our overall goal in this study was to perform a careful evaluation of RCL2/CS100-
fixed tissues for proteomic analyses using nanoRPLC-MS/MS and MALDI imaging mass
spectrometry to demonstrate that protein analysis from such archival material is feasible and
comparable to that recovered from fresh-frozen tissue samples.

The tissue sizes used in this study were approximately 1 cm3. We have notice that tissue
thickness upper than 3 cm limits the penetrance of the fixative in the tissue. If the tumor size
is upper than 3 cm, the sample should be cut to help fixative penetration in the tissue. For
different types of tissues, we first compared the protein recovery yields obtained using three
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different protein extraction buffers compatible with mass spectrometry analysis. We have
shown that buffer B allowed an optimal protein recovery between RCL2/CS100-fixed and
frozen tissues. Interestingly, this buffer, containing 0.1% RapiGest, precludes subsequent
purification or dilution of the protein extracts prior to trypsin digestion and nanoRPLC-MS/
MS analysis, which could compromise the analysis of a small amount of tissue, such as from
pinch or core biopsies. Hwang et al. showed a similar result with a RapiGest buffer with an
extraction efficiency 77% higher than RIPA buffer, while an acetonitrile buffer extracted
47% of proteins 13. When using buffer B as a common protein extraction procedure, overall
protein quantities recovered from fresh-frozen and RCL2/CS100-fixed samples were
comparable.

Using a bottom-up proteomic strategy based on nanoRPLC-MS/MS for the same tissue
types, 49% to 70% of proteins were found to be common in the RCL2/CS100 and frozen
conditions. From both tissue storage conditions, we could identify proteins from several
cellular compartments with different cellular functions. Among these, several were found to
be tissue-specific, such as mucin-2 and beta catenin for colonic mucosa tissue 36, 37, the
prostatic acid phosphatase and clusterin for prostate tissue 38, 39, and periostin and prohibitin
2 for breast tissue 40, 41. Recently, similar analytical approaches have been developed for the
proteomic investigation of formalin-fixed paraffin-embedded tissue specimens 9-16.
Although these approaches are relevant, one may be concerned by the possibility of
introducing biases related to the effects of formalin crosslinking on protein extraction and
MS analysis. Specifically, these modifications can be carried by the resulting tryptic
peptides and render them unidentifiable using shotgun LC-MS approaches.

We have also demonstrated that for breast cancer cells, the combination of laser cell
microdissection with nanoRPLC-MS/MS from RCL2/CS100-fixed tissues produces the
same amount of biological information as that recovered from whole RCL2/CS100-fixed
tissues. Proteins recovered after LCM have been previously analyzed with different
approaches, such as two-dimensional gel electrophoresis 29, 42, surface-enhanced laser
desorption/ionization MS 43-45, and LC-MS/MS 9, 46 from fresh-frozen tissues and, in some
cases, FFPE tissue samples 9-16. In our protocol, approximately 5,000 tumor cells per RCL2/
CS100-fixed tissue sample were sufficient for nanoRPLC-MS/MS analysis. Although it may
be possible to analyze a smaller number of cells 45, 47, 48, we have not reduced this number
in order to maintain reproducible duplicate or triplicate analyses. In addition, since
nanoRPLC-MS/MS analyses of laser captured cells from RCL2/CS100-fixed and frozen
tissues gave similar results, ultrasensitive studies and quantitative comparisons of protein
expression from selected and targeted tumor cells could be proposed for RCL2/CS100-
archived tissues. This approach could be particularly interesting for the identification of
potential new tumor markers in certain clinical tissue samples, such as ductal carcinoma in
situ of the breast.

We have also demonstrated here the possibility of using RCL2/CS100-fixed tissue
specimens for profiling and imaging mass spectrometry analyses. When compared to the
results obtained from fresh-frozen tissue sections, the protein profiles recovered were very
similar in terms of the protein signals detected and their relative intensities in the spectra. On
average, however, signal intensities were lower than those observed from fresh-frozen
tissues. The immediate result of this loss of sensitivity is that the overall number of peaks
detected from RCL2/CS100-fixed tissue sections is on average a factor of two lower with
respect to those observed from fresh-frozen sections. The presence of a reduced signal after
RCL2/CS100 fixation, in particular for hemoglobin, can be tentatively explained by a
primary infiltration of the fixative within the biopsies via the circulatory system, resulting in
its evacuation, or a greater susceptibility of some proteins to migration from the sections
during paraffin removal and partial rehydration. From the imaging MS measurements
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performed from the fresh-frozen and RCL2/CS100-fixed colon tissue samples, a nice
agreement of expression was observed for matching histologies. We therefore can conclude
that RCL2/CS100-fixed tissue specimens are amenable to profiling and imaging mass
spectrometry and generate good quality protein profiles and images. The sum of profiling
and imaging MS results from RCL2/CS100-fixed tissues also agrees very well with previous
results obtained from ethanol-only preserved tissues 30. Preservation by ethanol dehydration
is also a non-crosslinking alcohol-based fixation approach that also offers high quality
histology results and from which good quality localized protein information can be obtained
by profiling and imaging MS. More generally, the possibility of investigating RCL2/CS100-
fixed tissues by profiling and imaging mass spectrometry opens the door to analysis of
clinical samples. In effect, diagnostic and prognostic information can be retrieved from
protein profiles and images obtained from clinical biopsies as an aid to conventional
histopathological evaluations and may help in the choice of a personalized therapeutic
regime 32, 49, 50.

Conclusions
We have demonstrated here that tissue samples preserved by RCL2/CS100 fixation are
amenable to proteomic studies with “bottom-up” strategies combining intact protein
extraction, in-solution trypsin digestion, and subsequent liquid chromatography and mass
spectrometry analyses for protein identification and with tissue MALDI imaging mass
spectrometry. Consistent with our previous observations, we believe that RCL2/CS100
tissue fixation could thus be proposed as an alternative method for archiving clinical
material especially for small, valuable, and rare target lesions that are usually inaccessible
for complementary genomic, proteomic, and novel biomarker discovery investigations.
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Abbreviations used

ACN acetonitrile

Da Dalton

DTT dithiothreitol

kDa kilodalton

LC liquid chromatography

MALDI matrix-assisted laser desorption/ionization

MS mass spectrometry

m/z mass-to-charge ratio

SDS sodium dodecyl sulfate

TFA trifluoroacetic acid

TOF time-of-flight
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Figure 1.
Cellular compartments and molecular functions according to gene ontology classification of
the identified proteins from frozen and RCL2/CS100-fixed colonic mucosa, prostate, and
breast tissue samples.
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Figure 2.
Cellular localizations using gene ontology classification of the identified proteins that were
different between the fresh-frozen and RCL2/CS100 preserved samples of the same tissues.
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Figure 3.
MALDI MS protein profiles acquired from fresh-frozen and RCL2/CS100-fixed colon
mucosa sections in the m/z range from 3,000 to 20,000. The inset details signals in the m/z
range from 8,000 to 10,000. [α+H]+ and [β+H]+ indicate the hemoglobin alpha and beta
chain molecular ions, respectively.
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Figure 4.
MALDI imaging MS analyses from RCL2/CS100-fixed (A, C) and fresh-frozen (B, D)
colon mucosa sections and the corresponding histology. The ion images (A, B) are
composite ion density maps obtained from different protein signals each displayed with a
different color. These signals (among others) were seen to be significantly enhanced or
unique to the different histologies present in the sections (C, D). (a) mucosa, (b) sub-
mucosa, (c) circular smooth muscle, (d) longitudinal smooth muscle, and (e) soft tissue (fat).
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Table 4

Proteins identified in RCL2/CS100-fixed breast tissue after cell enrichment by LCM that are known to be
involved in breast tumorigenesis or related to regulation of the estrogen receptor.

Protein Accession n° References

Fascin Q16658 51, 52

Ras GTPase-activating-like protein IQGAP1 P46940 53, 54

Nucleoside diphosphate kinase B P22392 55

Septin 9 Q9UHD8 56

Prohibitin / Prohibitin 2 P35232
Q99623

40
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