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Abstract

Proteomic analysis of cadaveric formalin-fixed, celloidin-embedded (FFCE) temporal bone tissue
has the potential to provide new insights into inner ear disorders. We have developed a liquid
chromatography-mass spectrometry (LC-MS) method for tissue sections embedded with celloidin.
Q-TOF (Quadripole-time of flight mass spectrometry) MSE (mass spectrometry where E
represents collision energy) and IdentityE™ were used in conjunction with nano-UPLC (capillary
ultrahigh pressure liquid chromatography) for robust identification and quantification of a large
number of proteins.

Formalin fixed paraffin-embedded (FFPE) mouse liver sections were used to evaluate formalin de-
cross-linking by five different methods. Unfixed fresh mouse liver tissue was used as a control.
Five different methods for preparation of FFPE tissue for MS analysis were compared, as well as
four methods for celloidin removal with FFCE mouse liver tissue. The methods judged best were
applied to FFCE 20 um sections of mouse inner ear samples, and FFCE 20 pm human inner ear
and human otic capsule bone sections.

Three of the five tissue extraction methods worked equally in detecting peptides and proteins from
FFPE mouse liver tissue. The modified liquid tissue kit protocol was chosen for further studies.
Four different celloidin removal methods were compared and the acetone removal method was
chosen for further analysis. These two methods were applied to the analysis of FFCE inner ear and
otic capsule sections. Proteins from all major cellular components were detected in the FFCE
archival human temporal bone sections. This newly developed technique enables the use of FFCE
tissues for proteomic studies.
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Introduction

Archival formalin-fixed tissue collections with attached clinical and outcome data represent
a valuable and ready source for research studies. The use of formalin as a fixative induces
protein cross-linking and has generally been assumed to render such tissues less suitable for
proteomic studies. However, in recent years, several techniques have been developed for
performing proteomic analyses on formalin fixed tissues (Crockett et al., 2005; Hood et al.,
2005; Palmer-Toy et al., 2005; Becker et al., 2007; Hwang et al., 2007; Jiang et al., 2007).
The tissues used in their studies were embedded in paraffin.

Celloidin embedding is widely used for cadaveric human temporal bone specimens
(Schucknecht, 1993) because it provides far better preservation of the fine structures of inner
ear, compared to paraffin (O'Malley et al., 2009). Proteomic analysis of existing cadaveric
formalin fixed celloidin embedded (FFCE) temporal bone collections has the potential to
provide new insights into cochlear physiology and pathophysiology of inner ear disorders
(Palmer-Toy et al., 2005). No studies have been done that compare different celloidin
removal or different tissue preparation methods for liquid chromatography-mass
spectrometry (LC-MS) based proteomics of celloidin embedded tissues.

The present report concerns our attempts to develop a method for LC-MS analysis of FFCE
tissue and optimize parameters for proteomic studies with these samples. In-order to
evaluate and optimize methods for proteomic analysis of this valuable material, five
different methods for preparation of formalin fixed tissue for MS analysis were compared,
as well as four methods for celloidin removal. Our objective was to determine the best
approach for accurate identification of the largest number of proteins. Q-TOF MSE
(Quadripole-time of flight mass spectrometry where E represents collision energy) with the
Waters IdentityE™ search engine for protein identification and absolute quantification were
used in conjunction with nano UPLC (capillary ultrahigh pressure liquid chromatography).
Our newly developed technique enables the use of FFCE tissues for proteomic studies. The
initial experiments were performed on mouse sections that were processed in a manner
similar to human temporal bone sections, so that we could minimize potential waste of
precious human inner ear sections.

Materials and Methods

1.1. Mouse FFPE and FFCE tissue

Ten week old CBA/CAJ mice were used for these studies (Jackson Laboratory, Bar Harbor,
ME). The mice were anesthetized with urethane (1000 mg/kg, Sigma, St. Louis, MO) and
perfused intracardially first with 0.9% saline followed by 4% formaldehyde. The livers were
removed and postfixed overnight in 4% formaldehyde at 4° C. To obtain fresh liver tissue,
mice were anesthesized as above, exsanguinated and the liver removed. A portion of the
liver tissue from the perfused animals was embedded in paraffin and the remainder
embedded in celloidin (parlodion strips; Mallinckrodt Chemicals, Phillipsburg, NJ). The
fresh tissue was kept frozen at —70° C until use.

The formalin fixed and paraffin embedded (FFPE) liver tissue was sectioned (10 um) and
the sections mounted on glass slides. The formalin fixed and celloidin embedded (FFCE)
liver tissue was also sectioned (20 um) and the sections were stored in 80% ethanol solution
until use.

Mouse temporal bones were harvested at 0.5 hr post mortem. After 25 hours of additional
fixation with 10 % formalin, the temporal bones were dissected out and decalcified in 0.12
M ethylenediaminetetraacetic acid (EDTA) for 7 days. The cochleae were then processed for
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celloidin embedding (Schuknecht, 1993). The celloidin blocks were serially sectioned (20
um) and a few sections were stained with hematoxylin and eosin.

For the LC-MS studies, after celloidin removal, the sections were dissected under an
operating microscope (Figure 1A). Two cochlear samples were studied. Eight sections were
pooled for each sample. The cochlear partition of the temporal bone, containing all 2.5 turns
was excised with a needle, was transferred to a collection tube and processed further.

1.2. Human FFCE inner ear tissue

The temporal bones of a 56 year old patient were removed in March 2006 after 9 hours
postmortem time. The patient had no prior history of otologic diseases. The bones were
fixed with 10% formalin and processed further according to Schucknecht et al. (1993).

The FFCE tissue blocks were cut into 20 pm sections and the sections were stored as
described above. The sections for LC-MS analysis were treated as described above.

The cochlear partition was removed as described above. Samples of the bony otic capsule
were also collected (Figure 1B). This study was approved by the MEEI institutional Review
Board.

2. Tissue preparation for LC-MS

2.1. Fresh tissue

Fresh mouse liver tissue was homogenized mechanically for 10 minutes and sonicated with
a water bath ultrasonicator (bath sonicator Cole-Parmer 8850, InnoCal, Vernon Hills,
Illinois) for 30 minutes. The homogenization was done in water (proteomics grade) at room
temperature and before the acetone precipitation step using a small hand held pellet pestle
(Kimble/Kontes, Vineland, NJ). Six volumes of cold acetone was added, and after an
incubation at —70° C for 3 h the preparation was centrifuged at 10,000 rcf for 15 min. Tissue
(1.2 mg wet weight) was taken for further analysis. The acetone was removed and the pellet
was lyophilized. In preparation for reduction, alkylation and trypsin digestion, the dried
acetone powder was resuspended in 25 ul 0.2% Rapigest™ (Waters, Milford, MA), 50 mM
ammonium bicarbonate. To start the reduction, 12.5 ul of 15 mM DTT (Dithiothreitol) was
added for incubation at 60° C for 30 min. This was followed by addition of 12.5 pl of 60
mM iodoacetamide for incubation in the dark at room temperature for 30 min. Trypsin (2 ul,
in 1 mM HCI at a concentration of 1 mg/ml, pH 3.0, proteomics grade Porcine Trypsin from
Princeton Separation, Adelphia, NJ) was added for incubation overnight at 30° C. The
sample was centrifuged at 10,000 rcf for 15 min, the supernatant was removed and stored at
—20° C prior to LC-MS analysis. The different tissue extraction protocols used are described
below.

2.2. SDS with heat

FFPE liver tissue was deparaffinized (10 min and 5 min in xylene, 5 min x 2 in 100%
ethanol, 5 min x 2 in 95% ethanol, 5 min x 2 in 80% ethanol, 5 min x 2 in 50% ethanol and
5 min in proteomics grade water) and under a microscope, a 2 mm3 piece of tissue was
transfered to a methanol rinsed polypropylene tube. The sample was sonicated for 45 min in
500 pl of 2% Sodium dodecyl sulfate (SDS) in 100 mM ammonium bicarbonate. DTT was
added to a final concentration of 20 mM and the sample incubated at 70° C for one hour.
lodoacetamide was added to a concentration of 60 mM and the sample incubated in dark at
room temperature for 30 min. Trypsin (2 pl, in 1 mM HCI at a concentration of 1 mg/ml, pH
3.0.) was added and the sample was incubated overnight at 30° C. After this the sample was
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centrifuged at 10000 rcf for 15 min, the supernatant was collected and stored at —20°C prior
to LC-MS analysis.

2.3. 6M Guanidine HCI with heat

FFPE tissue was homogenized mechanically and sonicated in a water bath in 100 ul of a
solution containing 40 mM TRIS, 6 M Guanine-HCl and 65 mM DTT, pH 8.2. The sample
was incubated at 100° C for 30 min in a heating block followed by addition of 500 pl of 50
mM ammonium bicarbonate. lodoacetamide was added to a concentration of 40 mM and the
sample was incubated in the dark at room temperature for 30 min. Trypsin (2 ul, in 1 mM
HCI at a concentration of 1 mg/ml, pH 3.0) was added, and incubated overnight at 30°C.
The sample was centrifuged at 10,000 rcf for 15 min and the supernatant removed and
stored at —20° C prior to LC-MS analysis.

2.4. QProteome kit (Qproteome FFPE Tissue Kit, Qiagen Inc., Valencia, CA)

The area of interest was excised with a needle and transferred to a collection tube. The
manufacturer's instructions were followed. Extraction buffer (100 ul) was added to the tube
containing the tissue sample. The sample was vortexed and incubated on ice for 5 min and in
80° C water bath for 2 h with agitation at 750 rpm. After incubation, the sample was cooled
to 4° C for 10 min and centrifuged (15 min, 14000 g, 4° C). The supernatant was transferred
to a new collection tube and stored at —20° C prior to LC-MS analysis.

2.5. Liquid Tissue kit® (MS Protein Prep Kit, Expression Pathology, Rockville, MD)

Extraction buffer (20 pl) was added to the tissue sample followed by incubation at 95° C for
90 min. Every 20 min the sample was microcentrifuged for 5 seconds. The sample was
centrifuged at 10000 rcf for 1 min. The sample was cooled on ice for 2 min.

Trypsin (1 pg, in 1 mM HCI at a concentration of 1 mg/ml, pH 3.0) was added and the
sample incubated for 18 hrs at 37° C. The sample was centrifuged at 10000 rcf for 1 min.
DTT (2 ul of 100 mM) was added. The reaction tube was heated at 95° C for 5 min. The
sample was centrifuged at 10,000 rcf for 1 min and stored until used at —20° C.

This kit was also used with a modified protocol. After cooling the sample on ice we added 2
pl of DTT (100 mM) and incubated the sample at 60° C for 30 min. lodoacetamide (1 pl of
300 mM) was added and incubated in the dark at room temperature for 30 min. Trypsin (1
ug, in 1 mM HCI at a concentration of 1 mg/ml, pH 3.0) was added and the sample
incubated for 18 hours in a 37° C water bath. The samples were centrifuged at 10,000 rcf for
1 min and stored at —20° C until used.

3. Celloidin removal methods

The sections were floated onto cigarette paper in a dish of 80% ethanol following which the
paper was trimmed around each section. The sections were then placed face down onto a
Superfrost® Plus (Thermo Fisher Scientific, Waltham, MA) slide. A piece of bibulous paper
was placed over each section and a roller was used to flatten and smooth the section. After
removing the bibulous paper, a second piece of bibulous paper (soaked in10% formalin) was
placed over the cigarette paper, followed by a block of wood and a 500 g lead weight, and
left to dry in air for 1 hour. The wood block and lead weights were removed, and the
bibulous and cigarette papers were removed gently. Four different methods of removal of
celloidin were used, as described below.
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3.1 Celloidin removal with clove oil

The air-dried slides were dehydrated in 80%, 95%, and 100% (2 changes) ethanol for 3 min
each and then transferred into clove oil overnight (Sone et al., 1998, 1999). The following
morning, the slides were immersed in 100%, 100%, 95%, 80%, and 50% ethanol for 3 min
each, followed by distilled water to remove the clove oil and rehydrate the tissue.

3.2. Celloidin removal with ether-alcohol

After the sections were adhered to the slides, the slides were transferred directly to ethyl
ether-100% ethanol (Pawlowski et al., 1998) (1:1) for 30 min. The slides were repeatedly
dipped in the solution to help remove the celloidin. The slides were transferred to a second
change of ethyl ether-100% ethanol (1:1) for 30 min and agitated once again. The slides
were then hydrated in 100%, 100%, 95%, 80%, 50% ethanol, (3 min each), followed by
distilled water.

3.3. Celloidin removal with acetone

The celloidin was extracted with acetone for 30 min (Keithley et al., 1995). Sections were
hydrated in 100%, 100%, 95%, 80%, 50% ethanol (3 min each) and transferred to distilled
water prior to further analysis.

3.4. Celloidin removal with sodium hydroxide-methanol

4. LC-MSE

Sodium hydroxide was dissolved in methanol (50g in 50 ml) and allowed to settle for 30
min at room temperature (Miguel-Hidalgo and Rajkowska, 1999). The solution on top of the
undissolved pellets was diluted 1:2 with methanol and used immediately. Enough of the
diluted sodium hydroxide-methanol solution to cover each section was applied by drops to
the dried celloidin sections, allowed to stand for 5 min and then rinsed with 100% methanol
(O'Malley et al., 2009). These two steps were repeated twice. Further rinsing with 100% and
70% methanol for 10 min followed. The slides were then transferred to distilled water.

All samples were analyzed using the LC-MSE non-data dependant, absolutely quantitative
proteomic platform described by Geromanos et al. (2009). Prior to analysis the samples were
spiked with 100 fmol of pre-trypsin digested yeast alcohol dehydrogenase (Waters Inc.,
ALDH) as an internal standard. Each sample was dissolved in 24 ul of 0.1% formic acid and
2 ul injected using a NanoAquity auto sampler onto a Symmetry C18 trapping cartridge (180
um i.d. x 2 cm length; Waters, Inc.) at a flow rate of 5 pL/min for 3 min. The peptides were
then separated by in-line gradient elution onto a 75 pm i.d. x 10 cm column packed with 1.7
um particle size BEH 130 (Waters Inc.), at a flow rate of 300 nL/min using a linear gradient
from 2 to 40% acetonitrile in 0.1% formic acid over 60 min. The Q-Tof was operated in the
LC/MSE mode of data acquisition, where alternating 2 s scans of low (4 V) or high
(programmed from 15-40 V) collision energies are used to generate either intact peptide
ions (low energy) or peptide product ions (high energy). Each raw data file was processed
using ProteinLynx Global Server (PLGS) V2.3 software (Waters) to generate charge state
reduced and deisotoped precursor mass lists as well as associated product ion mass lists for
subsequent protein identification and quantification. Each processed file was searched
against the Uniprot/Swissprot human databases using the IDENTITYE database search
algorithm within PLGS V2.3. Parameters were set to: peptide tolerance, 30 ppm; fragment
tolerance, 15 ppm; minimum fragment ion matches per peptide, 2; minimum fragment ion
matches per protein, 6; minimum peptide ion matches per protein, 1; primary digest reagent,
trypsin; reversed database false positive rate, O; cysteine carbamidomethylation as fixed
modification and methionine oxidation, asparagine and glutamine deamination as variable
modifications. All samples were run in triplicate and only peptides identified in at least 2 of
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the replicates were selected. The proteins were quantified using the summed signal intensity
of the three most intense tryptic peptides for each protein with reference to signal intensity
of the three most intense ions for ALDH internal standard (100 fmol).

5. Data analysis

Results

Formalin fixed paraffin embedded (FFPE) mouse liver sections were used to evaluate
formalin de-cross-linking, trypsin digestion and recovery of tryptic peptides by five different
methods. Unfixed fresh mouse liver tissue was used as a control. Four different celloidin
removal protocols evaluated using FFCE mouse liver tissue. The method judged best was
applied to FFCE 20 um mounted sections of mouse inner ear samples and FFCE 20 um
human inner ear and human otic capsule bone. Tryptic digests of these were analyzed by
nano-UPLC-MSE and IdentityE(™) for robust identification and quantification of proteins.

Comparison of extraction methods with FFPE liver tissue

Of the five methods evaluated, three methods including Liquid Tissue Kit®, modified
Liquid Tissue Kit, and Qiagen kit - proved to be clearly more proficient than the other
methods, when the number of peptides and/or proteins identified were compared (data not
shown). The number of peptides and proteins was lowest using the G-HCI protocol. The
amount of tissue used was smallest with the Liquid Tissue kit protocols (Table 1). The
number of proteins identified was highest using the Liquid tissue Kit protocol (Figure 2).
Based on the sequence coverage of the proteins identified, the modified Liquid Tissue kit
protocol was chosen for further studies of celloidin removal methods and application to
FFCE otic samples.

Comparison of celloidin removal methods

Celloidin removal was studied using four different protocols on FFCE mouse liver tissue.
The modified Liquid Tissue kit extraction method was used for these analyses. Peptides and
proteins could be detected using all 4 methods. Acetone, clove oil and ether-alcohol methods
gave the best results. The results of these methods were nearly equal. The number of
peptides and proteins identified using the three best removal methods are shown in figure 3.
The acetone removal method was chosen for further analyses.

FFCE temporal bone samples

Acetone celloidin removal with the Liquid Tissue kit, using the added reduction and
alkylation step before digestion (the modified Liquid Tissue Kit), were used for the analysis
of FFCE cadaveric human inner ear and mouse inner ear sections and human otic capsule
bone sections.

Mouse inner ear results are shown in table 2. The most abundant proteins identified and
quantified were collagens. Again, with the human samples the most abundant proteins both
in the inner ear and otic capsule bone samples were collagen alpha-1 and alpha-2 chain
proteins (Table 3). 20 proteins were detected in inner ear samples and 8 proteins in otic bone
samples. Cochlin was detected both in mouse and human inner ear samples. The dataset
shows that proteins from all major cell compartments (i.e., cytoplasm, extracellular,
membrane, and nucleus) were observed (Figure 4).
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Discussion

The first reports in the literature demonstrating the ability to conduct an MS-based global
proteomic analysis from FFPE tissues were by Hood et al. (2005), Crockett et al. (2005), and
Palmer-Toy et al. (2005). Palmer-Toy et al. (2005) analyzed FFPE human temporal bone
samples with the 2% SDS heating method. The spiral ligament was dissected from the
sections and analyzed. They reported 125 proteins retrieved from this sample, 41 of which
were identified by two or more peptides. Hood et al's report dealt with investigation of
prostate tissue sections. Crockett et al. used a FFPE cell-block of human lymphoma cell line.
Recently, Markaryan et al. (2010) used the Liquid Tissue Kit method to extract proteins
from FFCE human cochlear tissue sections and spiral ganglion tissue isolated by laser
microdissection. Protein identification was performed by bioinformatic analysis of high
resolution tandem mass spectrometric data from fractionated tryptic peptide samples.

We have developed a technique for robust identification of proteins from FFCE human inner
ear samples. To develop a MS analysis method for FFCE, we first selected an efficient
method for removal of celloidin, trypsin digestion and extraction of peptides, which is the
most critical step for proteomic analysis. A further advantage of celloidin removal using
organic solvent extraction is that most tissue lipids that interfere both with trypsin digestion
of proteins and LC-MS analysis of the resulting peptides will also be removed resulting in a
larger number of protein identifications. Formalin fixation leads to formation of a net of
covalent cross-links between side chains of proteins by methylene bridge formation.
Proteins in the formalin-fixed tissue are difficult to extract by the conventional method
because they are trapped in the network of cross-linked proteins (Jiang et al., 2007). Cross-
linked protein networks may be de-cross-linked and further disrupted by trypsin digestion.
Conventional protein analysis approaches are not applicable to formalin-fixed tissue because
the intact proteins cannot be efficiently extracted. Several groups have reported methods to
analyze formalin fixed archival tissue samples (Jiang et al., 2007; Hood et al., 2006;
Nesvizhskii et al., 2005; Feng et al., 2006; Prieto et al., 2005; Hwang et al., 2007).

Hwang et al. (2007) developed a methodology for proteomics using a 2%SDS containing
extraction buffer at high temperature. Presence of SDS in the sample is deleterious to
reversed-phase HPLC separation and electrospray mass spectrometry. Therefore, it is
preferable to develop protocols without utilizing SDS. Jiang et al.(2007) found that
incubation of tissue in a lysis buffer containing 6M guanidine hydrochloride at high
temperature led to the highest protein yield and the largest number of proteins identified. At
least two commercial extraction Kits for formalin-fixed tissue samples exist: QProteom
(Becker et al., 2007) and Liquid Tissue (Hood et al., 2006). These methods have not been
compared previously.

For this study, we choose five different methods: 2% SDS, 6M Guanidine-HCI, QProteom
kit, Liquid Tissue kit and modified Liquid Tissue kit. Formalin fixed paraffin embedded
(FFPE) mouse liver sections were used to evaluate formalin de-cross-linking by five
different methods. Unfixed fresh mouse liver tissue was used as control. Five different
methods for preparation of FFPE tissue for MS analysis were compared, as well as four
methods for celloidin removal with the FFCE mouse liver tissue. The best method was
applied to FFCE 20 um mounted sections of mouse inner ear samples, and FFCE 20 um
human inner ear and human otic capsule bone sections.

Three of the five tissue extraction methods tested (the Liquid Tissue kit®, the modified
Liquid Tissue kit, and the Qiagen kit) worked equally in detecting peptides and proteins
from FFPE mouse liver tissue. The amount of tissue required for extraction was lowest with
both Liquid Kit protocols. The modified liquid tissue kit protocol had the best coverage of
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proteins. The acetone removal method was applied to FFCE mouse liver sections. These two
methods were used for FFCE inner ear and otic capsule sections. Proteins were identified
from all major cellular compartments classified by gene ontology. Both the mouse and the
human inner ear sample showed typical structural proteins for cochlea. The most abundant
proteins in the human inner ear and otic capsule bone samples were collagens, as expected.

It appears that the number of proteins retrieved from FFCE human inner ears is less than the
number from FFPE human inner ear tissue. In the present study we detected 20 proteins
from the cochlea identified by two or more peptides. Similarly, Markaryan et al. (2010)
identified 26 proteins with a minimum of two peptides. The present study and the study by
Markaryan et al. were both done using FFCE tissue. In contrast, Palmer Toy et al's 2005
study using FFPE human cochlear tissue identified 41 proteins using two or more peptides.
Future research is needed to determine if these differences are because of celloidin
embedding or due to other factors such as postmortem time, cause of death etc.

Conclusions

Celloidin removal with acetone together with the modified Liquid Tissue kit protocol and
the LC-MSE technique can be used to successfully study archival FFCE temporal bone
samples. Proteins from all major cellular components were detected in the FFCE archival
human temporal bone sections. This newly developed technique enables the use of FFCE
tissues for proteomic studies
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List of Abbreviations

DTT dithiothreitol
EDTA ethylenediaminetetraacetic acid
FFPE Formalin-fixed paraffin embedded
FFCE Formalin-fixed celloidin embedded
LC-MS Liquid chromatography-mass spectrometry
MSE Mass spectrometry, where E represents collision energy
QTOF nano- Quadripole-time of flight mass spectrometry with capillary ultrahigh
UPLC pressure liquid chromatography
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Figure 1.

A) Photomicrograph of mouse celloidin embedded temporal bone section. The sections
contained both cochleae and they were removed as outlined for further analysis. B) The
cochleae and a sample of the otic capsule bone from cadaveric human celloidin embedded
sections were removed (outlined areas). The scale bar is 1.0 mm in A and 5.0 mm in B.
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Figure 2.

FFPE mouse liver data. Five different extraction methods were used. Results with two of the
methods are shown here. The Liquid Tissue kit® and the modified liquid tissue kit proved to
be the best methods for FFPE mouse liver tissue. Figure A) shows the number of proteins
(unique and overlapping) and B) number of peptides (unique and overlapping). FT, fresh
tissue.; LiT, Liquid Tissue extraction kit protocol; mod LiT, Liquid Tissue kit extraction kit
with the added reduction and alkylation step before digestion.
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Figure 3.

A figure showing the celloidin removal data. The modified Liquid Tissue kit extraction
method was used for these analyses. The number of proteins (A) (unique proteins and
overlapping proteins) and number of peptides (B) (unique peptides and overlapping
peptides) are shown. The samples were analyzed as duplicates.
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Figure 4.
A chart showing the cellular components (%) of proteins found with FFCE sections of
human cochlea based on gene ontology.
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