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Abstract

Despite a clinical, economic, and regulatory imperative to develop companion diagnostics, 

precious few new biomarkers have been successfully translated into clinical use, due in part to 

inadequate protein assay technologies to support large-scale testing of hundreds of candidate 

biomarkers in formalin-fixed paraffin embedded (FFPE) tissues. While the feasibility of using 

targeted, multiple reaction monitoring-mass spectrometry (MRM-MS) for quantitative analyses of 

FFPE tissues has been demonstrated, protocols have not been systematically optimized for robust 

quantification across a large number of analytes, nor has the performance of peptide immuno-

MRM been evaluated. To address this gap, we used a test battery approach coupled to MRM-MS 

with the addition of stable isotope labeled standard peptides (targeting 512 analytes) to 

quantitatively evaluate the performance of three extraction protocols in combination with three 

trypsin digestion protocols (i.e. 9 processes). A process based on RapiGest buffer extraction and 

urea-based digestion was identified to enable similar quantitation results from FFPE and frozen 

tissues. Using the optimized protocols for MRM-based analysis of FFPE tissues, median precision 

was 11.4% (across 249 analytes). There was excellent correlation between measurements made on 

matched FFPE and frozen tissues, both for direct MRM analysis (R2 = 0.94) and immuno-MRM 

(R2 = 0.89). The optimized process enables highly reproducible, multiplex, standardizable, 

quantitative MRM in archival tissue specimens.
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INTRODUCTION

Despite a clinical, economic, and regulatory imperative1 to develop companion diagnostics, 

precious few new tissue biomarkers have been translated into clinical use.2 Clinical 

validation studies must be performed on large numbers of candidate biomarkers for a single 

novel biomarker of clinical utility to be identified.3–5 The handful of biomarkers that have 

successfully reached the clinic were identified mostly through retrospective analysis of 

archival formalin-fixed paraffin-embedded (FFPE) biospecimens.2 The most widely used 

technique for detecting proteins in FFPE tissues is immunohistochemistry (IHC). Although 

IHC is the mainstay of biomarker determinations in clinical pathology, this technology is 

inadequate to support large-scale testing of hundreds of candidate biomarkers in 

retrospective validation studies, due to the high costs and long lead times for the 

development and analytical validation of new IHC assays. Additionally, even with multi-

parameter fluorescence detection, the multiplex capabilities of IHC remain limited and 

would allow testing of only small numbers of candidate biomarkers in each assay.6 

Furthermore, as currently widely deployed, IHC assay results are semi-quantitative at best, 

leading to difficulties interpreting intermediate results, and hampering the ability to 

assemble multivariate panels as diagnostics. Finally, in the clinical setting, multiple sources 

of variation have resulted in poor inter-laboratory concordance of tissue markers determined 

by IHC.7–13 We desperately need the development of a multiplexed quantitative platform to 

analyze FFPE archival tissues.14

To date, several studies have demonstrated the feasibility of using targeted, multiple reaction 

monitoring-mass spectrometry (MRM-MS) for quantitative proteomic analyses of FFPE 

tissues.15–30 Although protein localization is not preserved, MRM has many desirable 

characteristics for quantification, as it is already established in clinical laboratories,31–33 

incorporates internal isotopic standards,34 and enables highly multiplex, precise, specific, 

and standardizable proteomic quantification that can be harmonized across laboratories.35–38 

Furthermore, MRM can be coupled to immuno-enrichment of proteins or peptides (immuno-

MRM) to provide excellent sensitivity in plasma or solid tissues.5,39–45

Although there are several widely used protocols for the extraction and trypsin proteolysis of 

proteins from FFPE tissues,15–30 these various methods have never been tested in head-to-

head comparisons with the endpoint of achieving analytically robust MRM-based 

quantification. Indeed, the majority of proteomic methods development has been done in the 

setting of shotgun MS/MS,46–55 and none has examined the use of peptide immuno-MRM 

assays, nor optimized protocols based on the quantitative performance of MRM. To address 

these gaps, we used a test battery approach to evaluate three methods for protein extraction 

and antigen retrieval in combination with three methods for trypsin digestion, to identify the 

combination of protocols (i.e. “process”) providing the most sensitive and reproducible 

recovery of peptide analytes. The comparison is not a comprehensive evaluation of all 

protocols for extraction of FFPE, but is a detailed evaluation of common mass spectrometry-

compatible approaches for analyzing the soluble proteome. Furthermore, we compare the 

performances of immuno-MRM assays in FFPE and in frozen tissue, and use panels of 

targeted LC-MRM and immuno-MRM assays to show equivalent quantitative measurements 
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of endogenous peptides in FFPE samples with those from matched fresh frozen samples. 

The optimized process provides standardized protocols for quantitative analysis of proteins, 

enabling verification studies of tissue biomarkers in archival biospecimens. Furthermore, the 

protocol provides a benchmark for comparison of other methods developed for analysis of 

proteins in FFPE tissue.

EXPERIMENTAL METHODS

Reagents

Xylene (catalog #422685000) and 2,2,2 Trifluoroethanol (TFE, #1397510000) were 

purchased from Acros Organics, part of ThermoFisher Scientific (Pittsburgh, PA). RapiGest 

SF surfactant (#186001861) was purchased from Waters (Milford, MA). The Liquid Tissue 

MS Protein Prep Kit (#10001-023) was purchased from Expression Pathology (Rockville, 

MD). Urea (#U0631), iodoacetamide (IAM, #A3221), tris(2-carboxyethyl)phosphine 

(TCEP, #77720), EGTA (#E0396), EDTA (#E7889), Trizma buffer solution (Tris, # T2694), 

and phosphatase inhibitor cocktails #1 (#P2850) and #2 (#P5726) were purchased from 

Sigma Aldrich (St. Louis, MO). Sequencing grade trypsin was purchased from Promega 

(Madison, WI). MS grade acetonitrile (MeCN, #A955), MS grade water (#W6), ethanol 

(EtOH, #04-355-223), 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate 

(CHAPS) detergent (#28300) and 10X PBS (#BP-399) were purchased from Thermo Fisher 

Scientific (Waltham, MA). Formic acid (FA, #11670-1) was purchased from Millipore 

(Billerica, MA). Custom monoclonal anti-peptide antibodies for immuno-MRM assays were 

generated by Epitomics, an Abcam company (Burlingame, CA), using recombinant B-cell 

technology56 or hybridoma screening.57

Synthetic heavy and light peptides were purchased from Thermo Fisher Scientific, New 

England Peptide (Gardner, MA), and 21st Century Biochemicals (Malborough, MA). Heavy 

stable isotope-labeled standards (SIS) and matched light versions were handled according to 

published recommendations.34 Peptide purity was >95% by HPLC. Heavy peptides 

incorporated a fully atom labeled 13C and 15N isotope at the C-terminal lysine (K) or 

arginine (R) position of each (tryptic) peptide, resulting in a mass shift of +8 or +10 Da, 

respectively. Quantification by amino acid analysis was performed and aliquots were stored 

in 5-30% acetonitrile/0.1% formic acid at −80 °C until use.

Breast cancer tissues

Archived FFPE-treated ER+/Her2+ breast cancer tissue samples were obtained from 

Stanford University Medical Center (SUMC) under IRB approval (#348), and FFPE and 

fresh frozen ER+/Her2+ breast cancer tissue samples were obtained from NWBioTrust 

(NWBT) under IRB approval (#7077). FFPE samples were prepared according to 

ASCO/CAP guidelines.58,59

Breast cancer sample preparation

FFPE and fresh frozen tissue samples were prepared from three individual breast cancer 

tissues that were collected, quartered, and then sectioned into pieces > 5mg (wet tumor 

weight). Alternating tissue pieces were frozen in liquid nitrogen or fixed at room 
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temperature in 10% (v/v) neutral buffered formaldehyde for 18 – 27 hours, processed by a 

Leica Peloris Processor (Buffalo Grove, IL) over eight hours (rehydrated with 100% EtOH 

(Richard Allen Scientific #8101), 90% EtOH (Richard Allen Scientific #8201), permeated in 

xylene (Richard Allen Scientific #8101) and paraffin embedded), and stored at room 

temperature. 10 μm sections of the FFPE samples were cut using a microtome and mounted 

on glass slides. Every 10th FFPE slide was a 4 μm section stained with hematoxylin and 

eosin for pathology review. The frozen samples were anchored in OCT compound, and 10 

μm sections were cut on a cryostat at −20 °C, such that no OCT was included in the slice.

Deparaffination and rehydration of FFPE samples

Slide-mounted FFPE tissue sections were distributed evenly among the days and replicates 

(to control for the microheterogeneity of the sample across the slides) and then placed in a 

24 slide holder. The slides were incubated three times in xylene for 3 min followed by 100% 

(v/v) ethanol twice for 3 min. The tissue was then hydrated twice in 85% (v/v) ethanol for 3 

min, 70% (v/v) ethanol for 3 min, and distilled water for 3 min. The tissue was then blotted 

and scraped off of the slide into a screw cap microfuge tube.

Protein extraction of FFPE samples with RapiGest

To each sample containing three FFPE 10 μm tissue sections, extraction buffer (0.2% 

RapiGest in 50 mM NH4HCO3) was added and incubated at 95 °C for 30 minutes with 

mixing at 1000 rpm (Thermomixer, Eppendorf). The samples were then cooled on ice for 5 

minutes and sonicated twice in a cup horn probe (filled with ice water) at 50% power for 30 

s. The samples were then incubated at 80 °C for 120 minutes with mixing at 1000 rpm and 

then cooled on ice for 5 min. 100 μL of 50 mM NH4HCO3, pH 8.0 was added, and the 

samples were sonicated twice in the cup horn probe (filled with ice water) at 50% power for 

30 s. Following processing, all samples were stored at −80 °C until the day of digestion.

Protein extraction of FFPE samples with TFE

To each sample containing three FFPE 10 μm tissue sections, extraction buffer (100 μL of 

100 mM NH4HCO3) was added and incubated at 80 °C for 120 minutes with mixing at 1000 

rpm (Thermomixer, Eppendorf). Samples were then cooled on ice for 5 min. 100 μL of TFE 

was added and the samples were sonicated twice in a cup horn probe (filled with ice water) 

at 50% power for 30 s. The samples were then incubated at 60 °C for 60 minutes with 

mixing at 1000 rpm and then cooled on ice for 5 min. The samples were sonicated twice in 

cup horn probe (filled with ice water) at 50% power for 30 s. Following processing, all 

samples were stored at −80 °C until the day of digestion.

Protein extraction of FFPE samples with Liquid Tissue

To each sample containing three FFPE 10 μm tissue sections, extraction buffer (62.5 μL of 

Liquid Tissue) was added and the sample was incubated at 95 °C for 90 minutes with mixing 

at 1000 rpm (Thermomixer, Eppendorf). Samples were then cooled on ice for 5 min. The 

samples were spun at 10000 rcf for 1 min at 20 °C and 137.5 μL of 50 mM NH4HCO3, pH 

8.0 was added and vortexed. Following processing, all samples were stored at −80 °C until 

the day of digestion.
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Protein extraction of frozen tissue samples

To each sample containing the equivalent of three intact tissue sections, 200 μL of lysis 

buffer (25 mM Tris, 6 M Urea, 1 mM EDTA, 1 mM EGTA, 1 mM TCEP, 1% Sigma 

phosphatase inhibitor cocktail 1, 1% Sigma phosphatase inhibitor cocktail 2) was added. 

The sample was vortexed for 10-15 s and sonicated three times in a cup horn probe (filled 

with ice water) at 50% power for 30 s. The samples were stored in liquid nitrogen until the 

day of digestion.

Trypsin digestion of FFPE samples with Rapigest

At least 30 μg (by μBCA) of cell lysate was diluted to 200 μL with 0.1% RapiGest in 50 mM 

NH4HCO3. Lysates were reduced in 15 mM TCEP for 30 minutes at 37 °C with shaking, 

followed by alkylation with 40 mM IAM in the dark for 30 minutes at room temperature. 

Lysates were then diluted to 1.1 mL with 50 mM NH4HCO3 before trypsin was added at a 

1:50 trypsin:protein ratio by mass and incubated for 2 hours at 37 °C with mixing at 600 

rpm (Thermomixer, Eppendorf). After 2 hours, a second aliquot was added at 1:100 

enzyme:substrate. Digestion was carried out overnight at 37 °C with mixing at 600 rpm. 

After 16 hours, the reaction was quenched with formic acid (final concentration 1% by 

volume).

Trypsin digestion of FFPE samples with TFE

At least 30 μg (by μBCA) of cell lysate was diluted to 200 μL with 50% TFE in 50 mM 

NH4HCO3. Lysates were reduced in 15 mM TCEP for 30 minutes at 37 °C with shaking, 

followed by alkylation with 40 mM IAM in the dark at room temperature. Lysates were then 

diluted to 1.1 mL with 50 mM NH4HCO3 before trypsin was added at a 1:50 trypsin:protein 

ratio by mass and incubated for 2 hours at 37 °C with mixing at 600 rpm (Thermomixer, 

Eppendorf). After 2 hours, a second aliquot was added at 1:100 enzyme:substrate. Digestion 

was carried out overnight at 37 °C with mixing at 600 rpm. After 16 hours, the reaction was 

quenched with formic acid (final concentration 1% by volume).

Trypsin digestion of FFPE samples with Urea

At least 30 μg (by μBCA) of cell lysate was diluted to 200 μL with 6M urea in 50 mM 

NH4HCO3. Lysates were reduced in 15 mM TCEP for 30 minutes at 37 °C with shaking, 

followed by alkylation with 40 mM IAM in the dark at room temperature. Lysates were then 

diluted to 1.1 mL with 200 mM TRIS before trypsin was added at a 1:50 trypsin:protein 

ratio by mass and incubated for 2 hours at 37 °C with mixing at 600 rpm (Thermomixer, 

Eppendorf). After 2 hours, a second aliquot was added at 1:100 enzyme:substrate. Digestion 

was carried out overnight at 37 °C with mixing at 600 rpm. After 16 hours, the reaction was 

quenched with formic acid (final concentration 1% by volume).

Trypsin digestion of frozen tissue samples

At least 30 μg (by μBCA) of cell lysate was diluted to 200 μL with lysis buffer. Lysates were 

reduced in 15 mM TCEP for 30 minutes at 37 °C with shaking, followed by alkylation with 

40 mM IAM in the dark at room temperature. Lysates were then diluted to 1.1 mL with 200 

mM TRIS, pH 8, before trypsin was added at a 1:50 trypsin:protein ratio (by mass), and the 
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lysate was incubated for 2 hours at 37 °C with mixing at 600 rpm (Thermomixer, 

Eppendorf). After 2 hours, a second aliquot of trypsin was added at 1:100 enzyme:substrate. 

Digestion was carried out overnight at 37 °C with mixing at 600 rpm. After 16 hours, the 

reaction was quenched with formic acid (final concentration 1% by volume).

Nano-liquid chromatography-tandem mass spectrometry (LC-MS/MS)

The system was composed of a nanoAcquity HPLC (Waters) coupled to an LTQ-Orbitrap 

Velos mass spectrometer (Thermo Scientific). The LC system consisted of a 75 μm × 250 

mm C18, 130 Å, 1.7 μm, column (Waters Cat.#186003545) with mobile phases of 0.1% FA 

in water (A) and 0.1% FA in MeCN (B). The peptide sample was diluted to 1 μg protein/μL 

in 0.1% FA, 3% MeCN and 1 μL was loaded onto the column and separated at a flow rate of 

300 nL/min, with the following gradient (time, %B): 0, 3%; 120, 40%; 122, 90%; 132, 90%; 

re-equilibration for 23 min at 3%B. The mass spectrometer used an Advance CaptiveSpray 

source (Michrom Bioresources, Auburn, CA) operated in positive ion mode. A spray voltage 

of 1700 V was applied to the nanospray tip. MS/MS analysis consisted of 1 full scan MS 

from 300-2000 m/z at resolution 30,000 followed by data dependent MS/MS scans using 

35% normalized collision energy of the 15 most abundant ions. Selected ions were 

dynamically excluded for 15 seconds after a repeat count of 1.

Data were searched against version 3.69 of the Human International Protein Index (IPI) 

sequence database with decoy sequences using the X!Tandem database search engine with a 

previously described score plugin,3 performed with tryptic enzyme constraint set for up to 

two missed cleavages, oxidized methionine set as a variable modification and 

carbamidomethylated cysteine set as a static modification. Peptide MH+ mass tolerances 

were set at ±2.0 Da with post search filtering of precursor mass to 50 ppm and fragment MH

+ mass tolerances were set at ±0.5 Da. Identifications were made with an FDR < 0.01 based 

on a decoy database search.

LC-MRM-MS with the addition of stable isotope labeled standard peptides

A mix of SIS peptides was prepared at 100nM in 0.1% FA, 3% ACN, divided into aliquots 

and stored at −80 °C. Separate individual aliquots were used for each day of the experiment. 

After digestion, this mix was spiked into the individual samples at 10 fmol/μg of protein 

lysate for analytes targeted by LC-MRM and 1 fmol/μg for those targeted by immuno-

MRM, and the samples were desalted as described in the Supplemental Methods. Spike 

levels were high enough above the LLOQ so as not to contribute unnecessarily to the assay 

CV and were designed to be close to expected endogenous levels so that the peak area ratio 

was not outside of the range of 100:1 and 1:100. Quantitative LC-MRM-MS and immuno-

MRM-MS data were collected using the method described below. Sample run order was 

staggered so the types of samples were not grouped together.

Response curves

Quantitative assays were characterized in background matrices consisting of an equal mix 

(by protein mass) of three individual FFPE or frozen samples. Digestion was performed as 

described above. Reverse curves were prepared in triplicate by varying SIS peptide 

concentration over 8 concentration points (LC-MRM: 200, 22.2, 2.47, 0.82, 0.27, 0.09, 0.03, 
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0.01 fmol/μg; immuno-MRM: 10.0, 1.11, 0.124, 0.041, 0.014, 0.0046, 0.0015, 0.0005 fmol/

μg). Light peptide was added at a constant concentration of 5 fmol/μg for LC-MRM analytes 

and 1 fmol/μg for immuno-MRM analytes. Blanks contained no SIS peptide. Linear 

regression was performed using a 1/x2 weighting on all points within the linear range, 

defined as those points such that the standard error of the slope of the linear regression was 

less than 10%. Limit of detection (LOD) was obtained by using the average of the three 

blank measurements plus three times the standard deviation of the noise. Lower limit of 

quantification (LLOQ) was reported as the lowest point in the response curve measured with 

CV≤20%. The upper limit of quantification (ULOQ) was determined by the highest 

concentration point of the response curve that was maintained in the linear range of the 

response.

Nano-liquid chromatography-tandem mass spectrometry (LC-MRM)

Targeted LC-MRM-MS analysis of peptide analytes was performed by a trap-elute 

configuration on a nanoLC- 2D system with AS1 autosampler (Eksigent Technologies, 

Dublin, CA) coupled to a 5500 QTRAP mass spectrometer (ABSciex, Foster City, CA) by 

an Advance CaptiveSpray source (Michrom Bioresources, Auburn, CA). Mobile phases 

consisted of 0.1% FA in water (A) and 90% MeCN with 0.1% FA (B).

LC-MRM used a cHiPLC-Nanoflex system (Eksigent) with the following method: 1 μL of 

sample was loaded onto a 200 μm × 0.5 mm ChromXP C18-CL 3 μm 120 Å column 

(Eksigent) at 10 μL/min and 3%B for 3 minutes. At 3 minutes, the sample was injected onto 

the analytical column and separated by a 75 μm × 15 cm ChromXP C18-CL 3 μm 120 Å 

column (Eksigent Technologies, Dublin, CA) using the following gradient method: hold at 

3% B for 8 minutes, gradient from 3 to 10% B for 3 minutes, gradient from 10 to 30% B for 

27 minutes, gradient from 30 to 40% B for 7 minutes, gradient from 40 to 60% B for 1 

minutes, hold 60% B for 2 minutes, gradient from 60 to 90% B for 1 minute, hold 90% B for 

5 minutes, gradient from 90 to 3% B for 1 minute, re-equilibrate at 3% B for 25 minutes. 

The flow rate was 300 nL/min. The column temperature was 40 °C.

Immuno-MRM used the following method: Samples were loaded onto a 300 μm × 5 mm 

trap column (Acclaim PepMap 100 C18, 5 μm, 100 Å, Dionex Cat #160454, Sunnyvale, 

CA) at 6.0 μL/min (2% B) for 4 minutes. Peptides were eluted at 300 nL/min from a 75 μm 

× 10 cm IntegraFrit column packed with ReproSil-Pur C18-AQ, 3 μm particles, using the 

following gradient (time, %B): 4, 2%; 22, 50%; 23, 90%; 24, 90%; re-equilibrate for 14 

minutes at 2%B. The analytical column was held at 45 °C.

The mass spectrometer was used in positive ion mode with ion spray voltage 1200-1300 V, 

curtain gas 0-10, nebulizer gas 0-10, interface heater temperature 110 °C, and collision gas 

Medium. Q1 and Q3 resolutions were Unit/Unit, the settling time was 0 milliseconds, and 

the pause between mass ranges was 5.007 milliseconds. CE was set by Skyline as described 

previously,4,5 DP was set to 90, EP was set to 10, and CXP was set to 10. Scheduled MRMs 

used a 150 second detection window and a target cycle time of 1.5 seconds.
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MRM mass spectrometry data analysis

Full details of the data analysis are provided in the Supplemental Methods. Briefly, MRM 

peak integration was performed by Skyline,60 and the integrations were manually inspected 

to ensure correct peak detection, absence of interferences, and accurate integration. 

Specificity was confirmed by equivalent retention time and relative areas of light and heavy 

transitions. Peptide concentrations are calculated as the peak area ratio of the sum of all 

transitions with no interferences multiplied by the concentration of isotope-labeled SIS 

peptide analog. Precision was determined by measuring the coefficient of variation (CV, 

standard deviation divided by the mean) and expressed as a percentage.

Public access to mass spectrometry data

The LC-MS/MS data have been deposited to the ProteomeXchange Consortium (http://

proteomecentral.proteomexchange.org) via the PRIDE partner repository with the dataset 

identifier PXD003770 (username: reviewer00908@ebi.ac.uk; password: JzwRamIg). All 

MRM data (LC-MRM method optimization, LC-MRM and immuno-MRM FFPE-frozen 

comparison and response curves) are available at https://panoramaweb.org/labkey/

FFPE_MRM_optimization.url (sign in with username:panorama+paulovich@proteinms.net; 

password: awH7@"U>).

RESULTS AND DISCUSSION

Overview of Study

The goal of this study was to identify an optimized process supporting analytically robust 

(e.g. sensitive, precise, reproducible) MRM-based proteomic quantification from archival, 

FFPE tissues, using flash frozen tissue as the gold standard comparator. We used a test 

battery approach61 (Figure 1A) to evaluate 9 processes representing all possible 

combinations of 3 previously described protocols for protein extraction (Table 1), coupled 

with 3 previously described protocols for trypsin digestion (Table 2) of lysates from FFPE 

tissues.29,41,51,62 To standardize the approach and comparison, each protocol was adapted to 

extracting and analyzing tissue sections mounted on slides. To assess the generalizability of 

the processes, we used shotgun mass spectrometry in addition to a large panel of 512 MRM 

assays that we previously characterized in breast cancer cell lines.35 Additionally, 

quantitative results obtained in FFPE samples were compared to identical measurements 

made in matched flash frozen tissues (i.e. gold-standard) (Figure 1B). To assess peptide 

antigen retrieval, the optimized process was also tested for performance with a 42-plex 

immuno-MRM assay, with results being directly compared to MRM-based measurements 

for the identical analytes.

Optimization of FFPE sample processing

We first assessed the performances of all 9 processes representing combinations of protein 

extraction and trypsin digestion using a test battery approach61 (Figure 1A). Of note, 

extraction and proteolysis protocols were tested together in pairwise combinations (i.e. 

“processes”) because protocols for extraction may have an effect on digestion efficiency,62 

and we sought to identify the combination that achieves the most reproducible recovery of 
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peptides. Each process was evaluated in triplicate (i.e. one complete process replicate on 

each of three separate days) on a single FFPE-treated, ER+/Her2+ breast cancer 

biospecimen. The input for each replicate consisted of three 10 micron tissue sections, 

mounted on slides. Individual sections were systematically distributed across the replicates 

to minimize the variability associated with tissue microheterogeneity (see Supplemental 

Figure S1).

Performances of all nine processes were evaluated with respect to the following metrics: i) 

protein recovery, ii) digestion efficiency/fidelity, and iii) sensitivity, precision, and 

repeatability of MRM-based measurements. Protein recovery was measured by the micro 

bicinchoninic acid (BCA) assay (Figure 2A). The RapiGest/ammonium bicarbonate method 

extracted the most protein, averaging 268 μg per sample, while methods using TFE and 

Liquid Tissue extracted averages of 50 and 43 μg per sample, respectively. Note the low 

yields achieved for the TFE and Liquid Tissue protocols were lower than previously 

reported.46,51 It is possible that extraction from slide-mounted tissue differs from extraction 

performed in tubes.

The different amounts of extracted protein were normalized to 1.0 μg/μL prior to MS 

analysis to allow comparison of the analytical results from the different processes. To test 

trypsin digestion efficiency and fidelity, two microgram aliquots of each individual digest 

were analyzed by ‘shotgun’ LC-MS/MS. Figure 2B shows the number of unique peptides 

identified. Overall, there was a large range (643 - 2721 unique peptides) in identifications 

amongst the protocols. RapiGest protein extraction produced a significantly higher number 

of identifications (2397 on average; p-value < 0.001). Within each extraction protocol, TFE 

digestion produced the highest number of identifications. The percentages of missed 

cleavages (i.e. peptides containing an internal Arg or Lys residue) and mis-cleavages (i.e. 

non-tryptic cuts) in the LC-MS/MS results were used as indicators of trypsin digestion 

efficiency and fidelity (Figure 2C). Overall, RapiGest extraction methods performed 

significantly better than the TFE and Liquid Tissue extraction methods, with an average of 

3.3% missed cleavages (p-value = 0.022 and p-value < 0.001 for TFE, Liquid Tissue 

comparisons) and 10.5% mis-cleavages (p values < 0.001 for both comparisons) for the 

digestion protocols studied (Figure 2C).

Quantitative, MRM mass spectrometry with the addition of stable isotope labeled standard 

peptides was used to evaluate the sensitivity, precision, and repeatability of the nine 

processes, targeting 512 peptide analytes using multiplexed assays that we previously 

characterized in breast cancer-related cell lines.35 Each process was run in triplicate (i.e. one 

complete process replicate on each of three separate days). The number of peptides with 

observable endogenous signal (i.e., detected above LOD in at least 2 out of 3 replicates) are 

shown in Figure 2D, and the CV of those measurements are shown in Figure 2E. Differences 

in the number of peptides detected in cell lines and tissue are likely the result of differences 

in expression levels and dilution of the epithelial component in tissue due to tissue 

heterogeneity. RapiGest followed by urea digest provided the highest number of detectable 

peptides (117 peptides measured at endogenous levels). The precision of the RapiGest/Urea 

and RapiGest/TFE processes were very similar, with median CVs for urea of 4.1% (ranging 

<1% to 50%) and median CVs for TFE of 4.0% (ranging <1% to 51%).
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We also examined the recovery of endogenous peptides in the quantitative MRM 

experiment. Because the heavy peptides were added following digestion, differences in the 

amount of endogenous peptides measured by the nine processes are indicative of the relative 

recovery of the peptides. There were 27 peptides with measurable endogenous signal 

detected in all nine processes, and the amount of endogenous peptide measured for these 

analytes is plotted in Figure 2F. Overall, the same pattern as seen in the total number of 

observed peptides is evident, namely the RapiGest/Urea process had the highest recovery 

and lowest CV.

Based on these data, the RapiGest protein extraction buffer outperformed the others in 

overall protein yield, shotgun MS-based metrics (total peptide identifications and trypsin 

performance), and targeted MS-based metrics (peptide yield, recovery, and quantitative 

precision). While the combination of RapiGest buffer extraction and TFE as a denaturant for 

trypsin digestion provided the most identifications by shotgun MS/MS, the combined 

quantitative performance (i.e. number of peptides and precision of the measurements) for the 

RapiGest/Urea process was superior. For these reasons, we selected the RapiGest/Urea 

process as the optimum FFPE sample preparation method. (We note that since the majority 

of the targeted peptides are from soluble proteins, further work would need to be done to 

optimize a protocol for membrane proteins).

Analytical performances of MRM and immuno-MRM assays in FFPE tissue (using the 
RapiGest/Urea process) compared with matched frozen tissue

We next compared the analytical performances of MRM-based assays run on optimally 

prepared flash frozen tissues to the performances of the same assays run on the 

corresponding FFPE samples using the RapiGest/Urea process. We used two multiplexed 

assay panels, one direct LC-MRM (i.e., run on neat cell lysate, without enrichment) and one 

immuno-MRM assay. The direct LC-MRM assay targets 512 peptides over four multiplex 

assay groups.35 The immuno-MRM assay utilizes 42 monoclonal antibody-based assays 

targeting cancer-related targets.41,56 Response curves were generated in background 

matrices of FFPE and matching fresh frozen tissue using a pooled sample from three 

individual ER+/Her2+ breast cancers. (Matching frozen and FFPE tissues were used to 

characterize the performance of the assays, using the best possible matrix to characterize 

potential interferences or suppression effects.) Care was taken to minimize 

microheterogeneity of the input samples by using adjacent sections of tissue for frozen and 

fixed specimens. Response curves were used to characterize the linear range, limit of 

detection (LOD), upper and lower limits of quantification (ULOQ & LLOQ), and precision 

(CV) for comparison across the two sample types (frozen vs FFPE).

The performances of the assays are very similar in the matrices tested. Example response 

curves in FFPE and frozen tissue background matrix are shown in Figure 3A and 3B for the 

peptide GLQSLPTHDPSPLQR from the Her2 protein (response curves for all analytes with 

detectable endogenous signal are plotted individually in Supplemental Figure S2, and 

performance figures of merit are reported in Supplemental Table S1). As shown in Figure 

3A and 3B, curves measured in frozen and fixed tissue are nearly overlaid. Each of the 

assays shows good linearity (>3 orders of magnitude) and equivalent response in the two 
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matrices. (Differences in the FFPE and frozen curves are likely the result of small variations 

in the amount of endogenous light peptide detected in the samples. Best efforts were taken to 

provide equal input for the frozen and fixed specimens, but because of microheterogeneity in 

the tumor tissue, it is not possible to obtain identical specimens for comparison.)

Overall, performance of the assays is conserved in FFPE tissue compared with frozen tissue. 

227 LC-MRM assays were characterized with endogenous signal in both frozen and FFPE 

samples, with a median LLOQ of 0.78 fmol/μg and median CV of 12.1% (ranging <1% to 

160%) in frozen curves and median LLOQ of 0.28 fmol/μg and median CV of 11.3% 

(ranging <1% to 157%) in FFPE curves (Figure 3C). There were 31 immuno-MRM assays 

characterized in both FFPE and frozen tissue, showing effective retrieval and preservation of 

the epitope. Again, the assay performances for immuno-MRM assays were comparable, with 

median LLOQ of 0.014 fmol/μg and median CV of 16.9% (ranging <1% to 43%) in frozen 

curves and median LLOQ of 0.0046 fmol/μg and median CV of 11.6% (ranging <1% to 

48%) in FFPE curves (Figure 3D). The similarity of analytical characteristics indicates the 

assays can be consistently applied in either matrix with similar performance. Furthermore, 

the LLOQs of immuno-MRM demonstrate the ability to analyze low abundance targets from 

FFPE.

Comparison of quantitative MRM measurements in matched FFPE and frozen breast 
cancer tumor tissue samples

We next asked if analyte concentrations measured in FFPE tissues are consistent with 

measurements of the same analytes from matched, frozen specimens. Three individual ER+/

Her2+ breast cancer tissues were collected and analyzed in process triplicate (i.e. one 

process on each of three separate days), using both the multiplex direct MRM35 and 

immuno-MRM63 assays described above. To minimize variability due to heterogeneity of 

the sample, we alternated pieces of the tissue prepared as FFPE samples or fresh frozen, and 

evenly distributed three 10 μm tissue sections from each sample across the assay replicates 

(see also Supplemental Figure S3). FFPE samples were extracted by the RapiGest/urea 

protocol, and frozen samples were processed using a previously reported urea-based 

method.41

Protein recovery was measured by BCA assay, and sensitivity and repeatability of the direct 

LC-MRM and immuno-MRM multiplex assays were compared in the matched FFPE and 

frozen biospecimens. While there is a significant difference in the amount of protein 

extracted in each of the three individual samples (due to differences in the size of the 

individual tumor samples and the heterogeneity of tissue), the protein recovery was 

comparable between the FFPE and frozen samples for a given sample in all three individual 

tumor samples (p-value > 0.04 in all three samples) (Figure 4A). Previous reports suggested 

that incomplete reversal of protein cross-linking in fixed tissues could lead to depressed 

levels of protein measured by BCA, due to the unavailability of amino acids for the BCA 

reaction.46 However, the comparability of measured protein in our results indicates high 

reversal of cross-links and efficient extraction of protein from the FFPE samples. Estimation 

of the extraction yield indicates similar yields in both tissue types. Tumor tissue sample #3 

had a mass of 88 mg, of which 60% was FFPE-treated and 40% was frozen. Three 10 μm 
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sections from this sample would contain roughly 0.60 mg wet tissue weight, (0.36 mg FFPE-

treated and 0.24 mg frozen). Based on the average protein recovery reported in Figure 4A, 

we achieved an approximate extraction yield of 14% for both the FFPE and frozen samples.

We next compared the endogenous peptide concentrations determined in FFPE and fresh 

frozen tissue. In total, 249 peptides were quantified in all of the samples (236 by direct LC-

MRM and 23 by immuno-MRM), with a high overlap of about two-thirds of peptides 

quantified in both tissues (Figure 4B), indicating good overall sensitivity for peptide 

detection. The correlation of peptide concentrations measured in the FFPE and frozen 

samples is plotted in Figure 4C. Overall, there is very good correlation for the LC-MRM (R2 

= 0.94) and immuno-MRM (R2 = 0.89) assays, supporting the preservation of peptide 

quantification in FFPE. As expected, there are more low abundance targets detected 

following enrichment by immuno-MRM. Also, based on previous results64, it is expected 

that increasing the input amount will further enable analysis of very low abundance species 

by immuno-MRM.

To examine if any potential bias exists in peptide retrieval as a function of amino acid 

content, we separated results for lysine- and arginine- containing peptides. Correlation of 

these subsets of peptides (correlation plots are shown in Supplemental Figure S4) show 

equivalent quantities in the fresh and fixed specimens, further supporting robust 

quantification for tryptic peptides using the optimized protocol.

Precision of the assays was also equivalent in the two sample types. The distribution of CVs 

for the targeted assays are plotted in Figure 4D. Median CVs for immuno-MRM (11.6% in 

FFPE versus 16.6% in frozen) and LC-MRM (11.3% in FFPE versus 12.0% in frozen) are 

comparable for the assays measured in the matched FFPE and frozen samples, 

demonstrating that the assays are highly reproducible for measurements made across 

different days.

To determine whether the optimized FFPE processing method affected the immunoaffinity 

enrichment step of the immuno-MRM assays, we compared the measurements of 10 

peptides whose endogenous levels were quantified by both LC-MRM and immuno-MRM. 

Figure 4E shows a very high correlation (R2 > 0.98) of the measurements for the 

overlapping peptides between the two sample types.

The results demonstrate robust quantification of protein in FFPE (compared with matched 

frozen tissues) using the optimized process coupled with MRM. This establishes a 

standardized protocol for protein quantification by MRM in fixed tissues, supporting the 

ability to investigate large numbers of analytes in retrospective studies using the multiplexed 

MRM technology. While the results clearly demonstrate precise, relative quantification, the 

measured concentration of any peptide may not accurately reflect the amount of endogenous 

protein present in the undigested sample, since protein extraction and trypsin digestion may 

not quantitatively recover all proteins and peptides equally. The presence of intact protein 

isoforms or post-translational modifications near cleavage sites can affect the inferred 

protein quantitation, and incomplete cross-link reversal can adversely affect trypsin 

digestion by blocking access to cleavage sites, affecting recovery. Despite these caveats, the 
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data show that the optimized protocol is capable of precisely quantifying reproducibly 

recovered peptides, and that equivalent quantification can be achieved in FFPE samples 

compared to fresh frozen specimens.

CONCLUSION

The optimized process presented herein enables robust, MRM-based quantification of 

peptide analytes from FFPE biospecimens, comparable to quantification performed in 

matched fresh frozen tissues. This enables large numbers of biomarker candidates to be 

quantified in multiplex in archival sample sets. The ability to perform retrospective analyses 

on archived samples with clinical annotation will significantly improve understanding of 

disease processes and help usher in personalized medicine through novel tissue-based 

protein biomarkers.
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Figure 1. Test battery approach for finding the optimal process for protein extraction and 
digestion from FFPE
A. A test battery approach for evaluation of FFPE processing protocols using an ER+/

HER2+ breast cancer specimen cut in 10 μm sections. Each combination of protein 

extraction and protein digestion protocols was performed in triplicate (using a single process 

replicate from 3 separate days, yielding 27 total samples). Performance of the protocols was 

evaluated by LC-MS/MS ‘shotgun’ analysis and LC-MRM targeted analysis. B. 

Performance of the method was compared in analysis of FFPE and frozen tissue prepared 

from a single specimen. Alternating sections were used for fixation or freshly frozen. Direct 

LC-MRM and immuno-MRM assays were applied for quantitative analysis of targeted 

peptides.
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Figure 2. Evaluation of processes for quantitative proteomics on FFPE
Results are from the analysis of an FFPE, ER+/HER2+ breast cancer. Each sample consists 

of three 10 μm sections. All error bars reflect the standard deviation of three analytical 

process replicates (i.e. de-paraffinization, protein extraction, digestion, enrichment, analysis 

performed on three separate days). A. Protein yield measured by micro-BCA assay. B. 

Unique peptide identifications obtained from shotgun LC-MS/MS results. Equal amount of 

protein (2 μg) was loaded on-column for each process. C. Trypsin digestion efficiency and 

fidelity measured by the percentage of identifications containing missed cleavages (internal 

K or R) or mis-cleavages (non-tryptic cut site). D. LC-MRM results showing the number of 

observable peptides (>LOD in 2 out of 3 replicates). Heavy peptide standards were added 

to1 μg of the digested lysates at 10 fmol/μg protein and analyzed in process triplicate. E. 

LC-MRM results showing the distribution of CVs for observable peptides. F. Distribution of 

peptide amounts measured by LC-MRM. Box plots show the median (bar), inner quartiles 

(box), 5-95th percentiles (line), and outliers (points).
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Figure 3. Characterization of assays in frozen and FFPE matrices
LC-MRM and immuno-MRM assays were characterized by reverse response curves in 

frozen or FFPE tissue extracts. A. Example response curves for the peptide 

GLQSLPTHDPSPLQR (ERBB2) measured by LC-MRM. Responses measured in FFPE 

and frozen tissues are overlaid, and curves are plotted on a log10 scale. Error bars are the 

standard deviation of complete process triplicate measurements. B. Example response curves 

for the peptide GLQSLPTHDPSPLQR (ERBB2) measured by immuno-MRM. Responses 

measured in FFPE and frozen tissues are overlaid, and curves are plotted on a log10 scale. 

Error bars are the standard deviation of complete process triplicate measurements. C. 

Distribution of LLOQs and CVs measured in FFPE and frozen tissue for all analytes 

detected by LC-MRM. D. Distribution of LLOQs and CVs measured in FFPE and frozen 

tissues for all analytes detected by immuno-MRM. Box plots show the median (bar), inner 

quartiles (box), 5-95th percentiles (line), and outliers (points).

Kennedy et al. Page 20

J Proteome Res. Author manuscript; available in PMC 2016 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Comparison of protein quantification in matched frozen and FFPE biospecimens
Three individual breast cancer tissues were sectioned and analyzed by multiplexed LC-

MRM (targeting 512 peptide analytes) and immuno-MRM (targeting 42 peptide analytes) 

assays. Each sample was analyzed in process triplicate, and each replicate consisted of 

extraction, digestion, and enrichment performed on three separate days. A. Protein recovery 

from matched FFPE and frozen samples measured by BCA assay. B. Overlap in number of 

peptides detected in quantitative LC-MRM and immuno-MRM assays in matched FFPE and 

frozen tissue specimens. C. Scatter plot of endogenous peptide concentrations (n= 356) 

determined by MRM measurements made in the matched FFPE and frozen tissue. D. 

Repeatability (CV) of immuno-MRM and LC-MRM assays applied to FFPE and frozen 

tissue, each box plot represents three samples measured on three days (n = 9). E. Scatter plot 

of endogenous peptides (n= 49) with overlapping immuno-MRM and LC-MRM 

measurements in FFPE (yellow) and frozen (blue) tissues. Error bars are the standard 

deviation of triplicate measurements.
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Table 1

Comparison of protocols evaluated for protein extraction and extraction from FFPE tissue.

Procedural Step

Method
a

TFE / Ammonium
bicarbonate

RapiGest /
Ammonium
bicarbonate

Liquid Tissue

extraction buffer
100 mM

NH4HCO3

0.2% RapiGest in
50 mM NH4HCO3

Liquid Tissue

incubation
temperature 80°C 95°C 95°C

incubation time 120 min 30 min 90 min

additional buffer TFE

sonication 30 sec 30 sec

incubation
temperature 60°C 80°C

incubation time 60 min 120 min

additional buffer 50 mM NH4HCO3

sonication 30 sec 30 sec

centrifuge 10000 rcf 1min

additional buffer 50 mM NH4HCO3

storage −80°C −80°C −80°C

a
Protein extraction protocols evaluated were based on extraction using: i) trifluoroethanol/ammonium bicarbonate (TFE),29 ii) ammonium 

bicarbonate containing RapiGest SF surfactant,62 and iii) Liquid Tissue, a proprietary buffer.51
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Table 2

Comparison of protocols evaluated for protein digestion from FFPE tissue.

Method
a

Procedural Step Urea TFE RapiGest

denaturing
buffer

6M Urea in 50 mM
NH4HCO3

50% TFE in 50 mM
NH4HCO3

0.1% RaipGest in 50
mM NH4HCO3

reducing agent 15 mM TCEP 15 mM TCEP 15 mM TCEP

alkylation agent 40 mM IAM 40 mM IAM 40 mM IAM

dilution buffer 200 mM TRIS 50 mM NH4HCO3 50 mM NH4HCO3

trypsin ratio 1:50, followed by
1:100

1:50, followed by
1:100

1:50, followed by
1:100

temperature 37°C 37°C 37°C

duration overnight overnight overnight

a
The digestion protocols were chosen for compatibility with tissue and FFPE samples and included: i) a urea-based protocol used in cell lysates 

and tissues,41 ii) a TFE protocol previously reported in FFPE protein extraction,29 and iii) a RapiGest method also previously coupled with 

FFPE.62
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