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Abstract

:

Most human tumor tissues that are obtained for pathology and diagnostic purposes are formalin-fixed and paraffin-embedded (FFPE). To perform quantitative proteomics of FFPE samples, paraffin has to be removed and formalin-induced crosslinks have to be reversed prior to proteolytic digestion. A central component of almost all deparaffinization protocols is xylene, a toxic and highly flammable solvent that has been reported to negatively affect protein extraction and quantitative proteome analysis. Here, we present a ‘green’ xylene-free protocol for accelerated sample preparation of FFPE tissues based on paraffin-removal with hot water. Combined with tissue homogenization using disposable micropestles and a modified protein aggregation capture (PAC) digestion protocol, our workflow enables streamlined and reproducible quantitative proteomic profiling of FFPE tissue. Label-free quantitation of FFPE cores from human ductal breast carcinoma in situ (DCIS) xenografts with a volume of only 0.79 mm3 showed a high correlation between replicates (r2 = 0.992) with a median %CV of 16.9%. Importantly, this small volume is already compatible with tissue micro array (TMA) cores and core needle biopsies, while our results and its ease-of-use indicate that further downsizing is feasible. Finally, our FFPE workflow does not require costly equipment and can be established in every standard clinical laboratory.
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1. Introduction


Most human tumor tissues that are obtained for pathology and diagnostic purposes are formalin-fixed and paraffin-embedded (FFPE) [1]. FFPE allows the preservation of tissues in a “life-like” state while preserving spatial features and keeping them accessible for subsequent downstream analyses, such as immunohistochemistry (IHC), and genomic (hotspot) sequencing, without the requirement of expensive equipment for sample storage [2,3,4,5]. Vast FFPE tissue archives are available in clinics around the globe. These represent an invaluable resource for precision oncology and clinical research [1,6] because the archives often include pathological, clinical, and outcome data that are linked to the clinical samples, which have often been collected from a patient during different stages of disease.



The MS-based proteomic analysis of FFPE samples has gained increasing attention during the past decade, not only because of improved protocols for the extraction of proteins, but also because of substantial improvements in the overall sensitivity of MS instrumentation and workflows [7]. These technological advances now enable the proteomic profiling of minute sample amounts. Both system-wide ‘discovery’ data on aberrant protein expression/signaling pathway activity and targeted data providing actual protein concentrations for selected protein targets can provide important phenotypic information from FFPE samples that cannot be extracted from genomic screening or from IHC staining, and which may be in disagreement with genomic information [8,9,10].



Nevertheless, quantitative proteomics of FFPE samples, i.e., minuscule FFPE cores (down to 1 mm in diameter) or thin FFPE slices (down to 5 µm thick), which are key to utilizing the full potential of FFPE proteomics, are still far from routine. This can be partially attributed to the challenges in obtaining a well-defined and homogenous tissue sample, which may require micro-/macro-dissection to enrich for the area of interest following examination by a pathologist of a hematoxylin and eosin (H&E) stained representative slide. Once a well-defined FFPE sample has been obtained, paraffin has to be removed in order to make the sample amenable to MS-based proteomics, as paraffin interferes with the subsequent steps of proteomic sample preparation and MS analysis [11]. In addition, formalin-induced crosslinks have to be reversed prior to protein extraction, which is then typically followed by a bottom-up proteomic workflow. A central component of almost all deparaffinization protocols is xylene, which is a toxic and highly flammable solvent [12,13]. It has also been reported that xylene may negatively affect protein extraction and quantitative proteomic analysis [3,14]. Most studies agree that heat, the choice of detergents and protein denaturants, as well as the pH of the extraction buffer and physical agitation, are important parameters affecting the efficacy of protein extraction [3,15].



To make quantitative proteomics of FFPE cores and slides more streamlined and easier to automate for use in the clinic, as well as to expand its use beyond the current focus on retrospective studies, we present here an accelerated and efficient workflow for FFPE proteomics that does not require xylene and which can be set up in any standard clinical laboratory, as it requires neither costly equipment nor special training (Figure 1). The absence of xylene in our protocol is in line with the principles of “green chemistry” [16] as it avoids the use of chemicals that are both hazardous to nature and involve a hazardous synthesis.




2. Results


2.1. Water-Based Deparaffinization Competes with the Gold-Standard Xylene and Takes Only a Fraction of the Time


The initial step, common to all FFPE sample preparation protocols, is deparaffinization, and the protocol used in most laboratories is essentially the reversal of the paraffinization procedure, comprising many steps that cannot be readily automated and are time-consuming: e.g., sequential washing steps with xylene and decreasing concentrations of ethanol (100%, 96%, and 70%). Our goal was to develop a simpler and safer protocol. We, therefore, compared the standard xylene-procedure to a deparaffinization method that is based on washes with hot water (depW) without toxic solvents. The use of water for deparaffinization had been first suggested in 2016 by Kalantari et al. for DNA extraction [18], and 2017 by Mansour et al. for Western blot analysis [14].



After deparaffinization with either xylene (depX) or hot water (depW), the samples were homogenized using a disposable micropestle (homMP) in a sodium deoxycholate (SDC)-based buffer (exSDC) and digested using FASP. Details can be found in Section 4.3.1.



Our data show that two cycles of short incubation (~5 min) in hot water is sufficient to efficiently retrieve proteins from FFPE cores, thus avoiding laborious successive washes with organic solvents (8 steps, 60 min). Water-based deparaffinization (depW) yielded, on average, 89 ± 17 µg of total protein per mg (dry weight) of FFPE core, compared to 97 ± 23 µg using xylene (depX; unpaired t-test p = 0.54, Figure 2A).



Database searches performed on individual samples led to the identification of 933 ± 26 (depX) and 835 ± 80 (depW) proteins, 6778 ± 294 (depX) and 5925 ± 608 (depW) peptides, and 8400 ± 352 (depX) and 7244 ± 815 (depW) peptide-spectrum matches (PSM), respectively, from 23,008 ± 561 (depX) and 22,764 ± 1378 (depW), acquired MS/MS spectra. A quantitative comparison of the five depW and depX replicates using label-free quantitation (LFQ) led to the quantitation of 1502 (depW) and 1521 (depX) unique proteins across the five replicates, with intra-method CVs of 16.8% (depW) and 16.9% (depX; Figure 2B). The LFQ-derived intensities of 1495 proteins that were quantified between the two methods show a good agreement between depW and depX (correlation coefficient R = 0.94, slope = 0.97, Figure 2C). In general, the choice of the deparaffinization method did not significantly impact the recovery of hydrophobic or hydrophilic proteins (see Supplementary Table S1); however, almost half of the quantified high-abundance cytosolic ribosomal proteins showed poorer recoveries with depW (Figure 2D; Benjamini–Krieger adjusted p value <0.01, median depW/depX = 0.25), while membrane and nuclear proteins of interest in cancer biology, such as TOMM5 [19,20], TOMM7 [19,21], RAB18 (RAS related protein) [22,23], and nuclear BCCIP (BRCA2 interacting protein) [22,24], had significantly better recoveries using depW (adj. p < 0.01, depW/depX= >2.08). Notably, other important cancer proteins, such as EGFR (adj. p = 0.20, depW/depX = 1.36), EIF4E (adj. p = 0.13, depW/depX = 1.19), or AKT1S1 (adj. p = 0.31, depW/depX = 1.71) seem to show better recoveries using water-based deparaffinization, but this was not statistically significant.




2.2. Efficient Tissue Homogenization Using Micropestles


Next, we evaluated different tools for the homogenization of small tissue samples. We compared the total protein amounts extracted with a disposable, autoclavable micropestle (homMP) or a BioMasher III (homBM) which is a micropestle with a filter unit that is commonly used in genomics studies [25,26,27,28]. The samples were deparaffinized using depW, homogenized with either homMP or homBM in exSDC and digested using FASP. Details can be found in Section 4.3.1.



Based on the bicinchoninic acid assay (BCA), both methods yielded similar protein amounts (95 ± 19 µg for homMP vs. 90 ± 13 µg for homBM; Figure 3A). LFQ of the five replicates per method enabling the quantitation of 1405 (homMP) and 1364 (homBM) unique proteins showed that both methods are equally reproducible (%CVs of 20.9% and 21.0% for homMP and homBM, respectively; Figure 3B). LFQ-derived normalized abundances of 1410 proteins that were quantified by both methods showed a good correlation (r = 0.94, slope = 0.98, Figure 3C), with a tendency toward higher intensities for homMP (Figure 3D). The proteins with significantly differential recovery (Figure 3D), however, do not seem to indicate a role of pI, hydrophobicity, subcellular localization, or molecular weight in the enrichment/depletion with either method (see Supplemental Table S2). Based on a slightly better overall performance, ease of use, and lower cost, we prefer the disposable micropestle to the BioMasher III.




2.3. Improved Protein Extraction with Sodium Deoxycholate (SDC)


After mechanical cell disruption using a disposable micropestle (homMP), preceded by deparaffinization using hot water (depW), the homogenate was incubated in different extraction buffers, and digested using FASP.



Formalin fixation of tissue preserves proteins in their native structures, but studies suggest that several modifications may occur during the fixation process, and these seem to progress over time [29,30,31]. Lysine methylation and methionine oxidation are the most frequent protein modifications observed in FFPE tissue [30,31]. These protein modifications can ultimately lead to protein–protein, DNA–protein, and/or RNA–protein crosslinking (e.g., Schiff base reaction). Combining heat [32,33] with high concentrations of detergents is considered to be the most effective approach for protein extraction from FFPE tissue and the reversal of protein-crosslinking that had been induced during the fixation process. We, therefore, compared a standard SDS buffer (exSDS), as used in many studies [3,15], to an SDC-based buffer (exSDC) [34,35,36]. exSDC contains TCEP, a potent denaturing agent, which seems to improve the denaturation of FFPE-preserved proteins and facilitates downstream processing. We use the identification of peptides with lysine methylation as an indicator of effective denaturation and decrosslinking in FFPE samples. We observed 4.95 ± 0.62% of these modified peptides with exSDS and 3.62 ± 0.26% with exSDC. This indicates that both lysis buffers are effective for decrosslinking, but exSDC seems to be marginally better. In our hands, the exSDC buffer yielded significantly higher amounts of total protein (unpaired t-test, p = 0.0341, Figure 4A) than the SDS buffer, which is thought to be the ‘gold-standard’.



LFQ data on 1748 (exSDC) and 1765 (exSDS) quantified unique proteins also showed a higher reproducibility for exSDC than for exSDS (%CV of 14.7% vs. 21.3%) (Figure 3B). A direct comparison using LFQ enabled the quantitation of 1722 unique proteins quantified by both methods and showed a slight tendency towards higher intensities, and consequently, are more likely to be a better extraction efficiency for exSDC (Figure 3C,D). A closer look into the physicochemical properties of proteins exclusively quantified in each method reveals that exSDC is significantly better for extraction of larger (unpaired t-test, p = 0.0001), more acidic (unpaired t-test, p = 0.005), and more hydrophilic proteins (unpaired t-test, p = 0.0001) than exSDS (see Supplemental Table S3).




2.4. PAC and STRAP Are Good Alternatives to FASP


Next, we evaluated the efficacy of different digestion techniques for FFPE-proteomics, namely, filter-aided sample preparation (FASP) [37,38], which is still one of the most-widely used sample preparation methods, in addition to the more recent protein-aggregation capture (PAC) [39] and suspension trapping using micro spin columns (STRAP) [40] that enable a simpler sample preparation with improved parallelization and automation capabilities [31,41,42,43,44]. For each method, 20 µg of total protein were digested after water-based deparaffinization, micropestle homogenization, and SDC-based extraction (depW/homMP/exSDC).



Important differences in the three digestion procedures are the (i) time and temperature of incubation with trypsin, and (ii) the substrate-to-protein ratio. While FASP typically involves overnight digestion at 37 °C, PAC and STRAP digestions are usually performed for 3 h at 37 °C and 47 °C, respectively. FASP and PAC samples were digested with a substrate-to-trypsin ratio of 20:1, while STRAP samples were digested with a substrate-to-trypsin ratio of 10:1, following the manufacturer’s instructions. Importantly, although it worked well for conventional samples, in our hands, the standard PAC protocol led to a poor performance for FFPE samples, which seemed to result from an overall poor recovery of proteins/peptides. We were able to compensate for this by adjusting the standard protein-to-bead ratio from 1:4 to 1:12, which led to substantially higher signals in the analysis, comparable to the other two methods. Notably, for STRAP, the buffer was brought to a final concentration of 5% SDS before loading, as recommended by the manufacturer.



When comparing the three digestion protocols, FASP yielded a clearly higher proportion of fully tryptic peptides (79%) compared to PAC and STRAP (both 70%; Figure 5A). LFQ of the individual methods showed that FASP also had the lowest intra-method %CV (15.6%, n = 1496) followed by PAC with 16.9% (n = 1482) and STRAP with 17.7% (n = 1496; Figure 5B). A quantitative comparison of the three methods based on LFQ led to the quantitation of 1436 unique proteins quantified by all methods. Unsupervised hierarchical clustering based on the normalized abundances of these proteins (multiple hypothesis testing using FDR-based approach by Benjamini–Krieger, FDR 1%, Figure 5C) shows good agreement between the three methods. A closer look into the physicochemical properties of proteins that were exclusively recovered with one of the methods shows that PAC seems to be better suited for small and more-acidic proteins, although not statistically significant (see Supplementary Table S4). A pair-wise comparison of the three methods by LFQ shows that FASP results in a slightly better overall protein recovery than PAC, while both methods are superior to STRAP (see Figure 5D–F).



Thus, PAC is a good alternative to the considerably more laborious and time-consuming FASP, is also easily scalable to the amount of protein, and has already been fully automated using liquid-handling systems [41,45,46,47,48].





3. Discussion


In this paper, we present a streamlined and efficient protocol for quantitative proteomics of FFPE cores based on a novel, ‘green’, and non-hazardous water-based method for deparaffinization (depW) prior to quantitative proteomic analysis, and show that harsh, non-MS compatible detergents, such as SDS, are not required for efficient retrieval of proteins from archived FFPE material.



The water-based deparaffinization results in paraffin-removal that is six times as fast as the conventional xylene-based protocol and enables robust proteomic profiling from less than 1 mg of FFPE core tissue (dry weight with wax) for clinical research. To our knowledge, this is the first report of a protocol for efficient protein retrieval from 1 mm-diameter core punches (~0.8 mm3 tissue volume). This volume is comparable to tissue micro array (TMA) cores used to build TMAs for IHC analysis, and also to core needle biopsies, thus enabling proteomic analysis of clinical samples that were not amenable to clinical research due to very limited tissue availability, i.e., ductal carcinoma in situ, where tumor areas of interest are too small for analyses beyond IHC.



Interestingly, several membrane receptors with central roles in cancer biology showed significantly better recoveries (p < 0.01, ≥2-fold) using our water-based method compared to xylene-based protocols (e.g., TOMM5/7, RAB18, BCCIP) [50]. Other relevant cancer targets, such as translational elongation and initiation factors (e.g., EIF4E), membrane receptors (e.g., EGFR), as well as RNA binding proteins, also showed a tendency towards better recovery, albeit not statistically significant. These results may reflect the differential impact of water- and several rounds of ethanol-washes on the partial removal of either soluble or hydrophobic proteins.



More recent protocols for proteomics of FFPE samples include the use of Adaptive Focused Acoustics (AFA) for efficient deparaffinization and decrosslinking [40,41,43,51], but the availability of AFA systems that can handle multiple samples in standard laboratories is limited because of the high cost of both the instrumentation and the required consumables. In our hands, sonication of the small sample amounts used in this study results in a high risk of sample loss, even when a single tube is used. A heat-based homogenization/lysis in SDC buffer with TCEP, together with autoclavable micropestles, enabled effective decrosslinking, homogenization, and extraction, using a simple protocol. A BCA kit compatible with reducing agents (RAC-BCA) is recommended to account for interferences in the colorimetric detection and quantitation of total protein.



The translation of FFPE-based proteomics into high-throughput (clinical) applications requires fast, reproducible, scalable, and (semi)automated workflows. We, therefore, performed a direct comparison of more recent techniques for protein extraction and digestion (i.e., PAC and STRAP), to the ‘gold-standard’ filter-assisted sample preparation (FASP).



Our data reveal differences in the efficiency of tryptic digestion and the feasibility for use on low sample amounts (scalability). Although FASP performs slightly better in our hands, it is a very laborious procedure including several washing steps that cannot be automated. It has been shown to work best for a protein range between 10 µg to 100 µg [52,53]. STRAP is a very attractive sample preparation method because the available cartridge formats cover a wide range of total protein amounts (1–100 µg, 100–300 µg or ≥300 µg) [40]. It also allows tryptic digestion in as little as 3 h, with comparable digestion efficiency to overnight digestion used for FASP. In our hands, however, STRAP was slightly less reproducible than PAC and FASP, with PAC being the best choice for very low sample amounts. PAC requires tryptic digestion for only 3 h and has already been successfully automated in several laboratories [41,45,46,47,48]. Moreover, a variety of bead-chemistries are available (e.g., amine-reactive, carboxylic, HILIC, etc.) which might be adapted based on specific research needs. Notably, to enable efficient PAC-based sample preparation for FFPE samples, we had to increase the recommended protein-to-bead ratio by a factor of three, likely as a result of FFPE-matrix effects that reduced the protein binding capacity.




4. Materials and Methods


We used FFPE tissue from human ductal breast carcinoma in situ (DCIS) xenografts to optimize the main steps of FFPE sample preparation: (i) deparaffinization, (ii) homogenization, (iii) protein extraction, and (iv) proteolytic digestion (see Figure 1). To avoid a systematic bias derived from tissue heterogeneity, we used 1 mm-diameter cores that had been obtained from a single FFPE block for each step (i–iv) of the protocol to be optimized, and randomly assigned these to the different protocols in order to have a total of 5 replicates per condition. Thus, any statistically significant differences observed should result from methodical differences rather than tissue heterogeneity.



Each method was evaluated based on the total protein yield (RAC-BCA), the number of identified peptides and proteins (qualitative MS), as well as the reproducibility and the enrichment/depletion of proteins (quantitative MS).



4.1. Chemicals and Reagents


All chemicals and reagents were purchased from Sigma Aldrich (St. Louis, Michigan, USA) unless otherwise stated. For sample homogenization, two types of micropestles were acquired, one from Sigma Aldrich (#BAF199230001) and one Optima Inc., Glencoe, IL, USA, (#320302). Filter-aided sample preparation (FASP) [37,38] was conducted on Microcon® Centrifugal Filters (30 kDa molecular cut-off, Merck KGaA #MRCF0R030, purchased through Sigma Aldrich. For bead-based sample preparation, ferromagnetic beads with MagReSyn® Amine functional groups (ReSyn Biosciences, Gauteng, South Africa) were used. For sample preparation using suspension trapping, S-Trap [51] micro-cartridges with a binding capacity of <100 µg total protein were purchased from ProtiFi (Farmingdale, NY, USA, #CO2-micro-80).



The total protein concentration was determined using a reducing-agent-compatible Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA, #23250) following the manufacturer’s instructions.




4.2. Source of Specimens


Method development was performed using 1 mm-diameter FFPE cores (~0.8 mm3 tissue volume) of xenografts from human ductal breast carcinoma in situ (DCIS, Figure 6). A total of 1 × 105 human DCIS cells (MCF10DCIS.com; Wake Forest University, Winston-Salem, NC, USA) were injected into the mammary fat pads of an athymic nude mouse. DCIS tumors were resected after 1.5 weeks, were formalin-fixed, paraffin-embedded, and stored under ambient conditions (~1 year) [17].




4.3. Sample Preparation of Core Needle Biopsy-Sized Specimens


4.3.1. Optimization of Deparaffinization


Recovering proteins from FFPE tissue requires prior deparaffinization with the vast majority of protocols being based on xylene, followed by a series of washes with decreasing amounts of ethanol for tissue rehydration [2,31,42]. We compared a standard protocol for xylene/ethanol washes (depX) used in most clinical laboratories for paraffin removal, to a ‘green’ and solvent-free deparaffinization approach based on hot deionized water (80 °C; depW) using 5 FFPE cores per protocol.



	(a)

	
depX [54]: The samples were washed with 1 mL of 100% xylene and incubated for 10 min at room temperature (RT), followed by centrifugation at 14,000× g for 2 min and disposal of the supernatant, followed by another 2 repetitions. Then, the samples were washed twice each with 1 mL of 100%, 96%, and 70% ethanol, followed by incubation for 1 min at RT and centrifugation as above.




	(b)

	
depW (modified from [14]): The samples were washed 2× with 500 µL of hot deionized water and incubated for 1 min at RT under vigorous vortex mixing. Each washing step was followed by centrifugation at 20,000× g for 5 min at 4 °C. The supernatant, containing paraffin either floating on the liquid surface or stuck to the wall of the tube (Figure 7), was discarded and the deparaffinized and rehydrated core was transferred to a clean LoBind Eppendorf tube.







Each core was mechanically disrupted using a micropestle (Sigma Aldrich) in 250 µL of 2% sodium deoxycholate (SDC), 50 mM Tris-HCl, 10 mM tris(2-carboxyethyl)phosphine (TCEP), pH 8.5, followed by sequential incubation on an Eppendorf ThermoMixer C (purchased from VWR International, Mississauga, ON, CA) for 20 min at 99 °C (700 rpm) and for 2 h at 80 °C (900 rpm). The samples were cooled down on ice for 5 min, followed by RAC-BCA protein determination using 9 µL aliquots. Free cysteines were alkylated using 30 mM iodoacetamide (IAA) for 30 min at room temperature (RT), protected from light, followed by a quench with 10 mM dithiothreitol (DTT) for 15 min at RT. Tryptic digestion was performed by FASP [37,38] with slight modifications [55]. Briefly, lysate corresponding to 20 µg of total protein was diluted to 450 µL with freshly prepared 8 M Urea,100 mM Tris, pH 8.5 [56] and loaded onto a 30 kDa Microcon filter. The sample was centrifuged for 25 min at 13,500× g and the eluate was discarded, followed by three washes using 100 µL of the same buffer and three washes with 50 mM ammonium bicarbonate (AmBic). Finally, 100 µL of digestion buffer comprising 1:20 (w/w) trypsin:protein in 0.2 M guanidine-hydrochloride (GuHCl), 50 mM AmBic, 2 mM CaCl2 were added and the sample was incubated at 37 °C for 14 h. The tryptic peptides were recovered by centrifugation for 15 min at 13,500× g, followed by two additional washes using 50 µL of 50 mM AmBic and 50 µL of ultrapure water. The collected peptide sample was dried under vacuum and reconstituted in 0.1% formic acid (FA) for nano-LC-MS/MS.




4.3.2. Optimization of Tissue Homogenization


250 µL of extraction buffer (2% SDC, 50 mM Tris-HCl, 10 mM TCEP, pH 8.5) were added to each H2O-deparaffinized (depW) tissue core (n = 10) for mechanical cell disruption and homogenization using either a disposable micropestle (homMP; Sigma Aldrich, #BAF199230001) or a BioMasher III (homBM; Optima Inc., #320302). After homogenization, the samples were digested using FASP as described above, dried under vacuum, and reconstituted in 0.1% FA for nano-LC-MS/MS.




4.3.3. Optimization of Protein Extraction


Two buffers were compared: 4% SDS (w/v), 150 mM NaCl, 50 mM Tris-HCl, pH 8.5 (exSDS) [3,15,39] and 2% SDC, 50 mM Tris-HCl, 10 mM TCEP, pH 8.5 (exSDC). Then, 250 µL of either exSDS or exSDC buffer were added to each deparaffinized core. Samples were homogenized and digested as described for homMP. Samples were dried under vacuum and reconstituted in 0.1% FA for nano-LC-MS/MS.




4.3.4. Optimization of Tryptic Digestion


Three strategies for proteolytic digestion were compared: FASP [1,2] using a 30 kDa MW cut-off filter [2,57], protein aggregation capture (PAC) [39], and suspension trapping using S-Trap micro-cartridges (STRAP) [40,51]. The cores were deparaffinized using H2O (depW) and homogenized using a disposable micropestle (homMP) in 2% SDC, 50 mM Tris-HCl, 10 mM TCEP, pH 8.5 (exSDC).



	(a)

	
FASP was performed as described above.




	(b)

	
PAC was performed using amine microparticles (MagReSyn) based on Batth et al. [39]. For 20 µg of protein lysate, 12 µL of microparticle stock solution (20 µg/mL) were equilibrated with 100 µL of 70% ACN, briefly vortexed and placed on a magnetic rack to remove the supernatant. This step was repeated another two times. Next, the protein extracts were added to the beads and the sample was adjusted to a final concentration of 70% ACN, thoroughly vortexed and incubated for 10 min at RT without shaking. The following washing steps were performed on a magnetic rack without disturbing the protein/bead aggregate. The supernatants were discarded, and the beads were washed on the magnetic rack with 1 mL of 95% ACN for 10 s, followed by a wash with 1 mL of 70% ACN without disturbing the protein/bead aggregate. The tubes were removed from the magnetic rack, 100 µL of digestion buffer (1:20 (w/w) trypsin:protein in 0.2 M GuHCl, 50 mM AmBic, 2 mM CaCl2) were added and the samples were incubated at 37 °C for 3 h. After acidification with trifluoroacetic acid (TFA) to a final concentration of 2%, the tubes were placed on the magnetic rack for 1 min, followed by removal of the supernatant. To remove residual beads, the samples were centrifuged at 20,000× g for 10 min. The supernatants were dried under vacuum and reconstituted in 0.1% FA for nano-LC-MS/MS.




	(c)

	
STRAP digestion was performed according to the manufacturer’s instructions [51]. Lysate corresponding to 20 µg of total protein was acidified to a final concentration of 1.2% phosphoric acid. SDS was added to a final concentration of 2% followed by a 7-fold dilution with STRAP binding buffer (90% methanol, 100 mM Tris-HCl, pH 7.1). The sample was loaded onto the STRAP and centrifuged at 4000× g for 1 min, followed by three washes with 150 µL binding buffer, with the spin-column being rotated by 180° between centrifugation steps. Then, 200 µL of STRAP digestion buffer, comprised of 1:10 (w/w) trypsin:protein in 0.2 M GuHCl, 50 mM AmBic, 2 mM CaCl2 were added to the STRAP, which was briefly spun on a benchtop centrifuge to assure saturation of the column material with the digestion buffer. The flow-through was loaded again on top of the column. The sample was incubated at 47 °C for 3 h. Peptides were eluted by sequential elution (1000xg, 1 min) using 40 µL of 50 mM AmBic, 40 µL of 0.1% FA, and 35 µL of 50% ACN, 0.1% FA. The collected peptide sample was dried under vacuum and reconstituted in 0.1% FA for nano-LC-MS/MS.









4.4. Data Analysis


All samples were analyzed by data dependent acquisition (DDA) using an Easy-nLC 1200 (Thermo Fisher Scientific, Waltham, MA, USA) coupled to a Q Exactive Plus (Thermo Fisher Scientific) mass spectrometer that was operated with a Nanospray Flex ion source (Thermo Fisher Scientific). To minimize systematic errors, all samples from one experimental set (e.g., comparison of FASP/PAC/STRAP) were injected in a randomized order. Then, 1 µg of digested protein were preconcentrated on an AcclaimPepMap 100 C18 pre-column (Thermo Fisher Scientific, 3 µm particle size, 75 µm inner diameter × 2 cm length) and separated on an AcclaimPepMap 100 C18 main column (Thermo Fisher Scientific, 2 µm particle size, 75 µm inner diameter x 25 cm length) using a 50 min binary gradient (A: 0.1% FA; B: 84% ACN in 0.1% FA) at a flow rate of 300 nL/min. B was increased from 3–17% until min 30 and from 17–40% until min 20. Full MS scans were acquired from m/z 350–1500 at a resolution of 70,000 with an automatic gain control (AGC) target value of 1 × 106 and a maximum injection time of 50 ms. The 15 most intense precursor ions (charge states +2, +3, +4) were isolated with a window of m/z 1.2 and fragmented using a normalized collision energy of 28; the dynamic exclusion was set to 40 s. MS/MS spectra were acquired at a resolution of 17,500, using an AGC target value of 2 × 104 and a maximum injection time of 64 ms.



MS raw data were processed using Proteome Discoverer 2.4 (PD, Thermo Fisher Scientific). Database searches were performed using SequestHT and a human Swissprot database (January 2019; 20,414 target entries). Label-free quantitation (LFQ) was performed using the Minora feature detector node, Percolator was used to calculate posterior error probabilities. Database searches were performed using trypsin as enzyme with a maximum of 2 missed cleavages. Carbamidomethylation of cysteine (+57.021 Da) was set as fixed modification and oxidation of methionine (+15.995 Da), and lysine methylation (+14.016 Da, +28.031 Da, and +42.047 Da) as variable modifications [31]. Mass tolerances were set to 5 ppm for precursor- and 0.02 Da for product-ions. The data were filtered to a false discovery rate (FDR) < 1% on the peptide and protein levels. Only proteins that were (i) identified with at least two unique peptides and (ii) quantified in at least 3 out of 5 replicates of at least one of the methods to be compared, were considered for the quantitative comparison. Protein LFQ data obtained from Proteome Discoverer were normalized based on summed protein intensities to correct for differences in sample loading. For proteins passing the abovementioned criteria, missing protein intensity values were imputed using 1.5× the minimum observed intensity for this particular sample. The obtained normalized abundances were used for unpaired t-tests (two tailed, 95% confidence) and Pearson correlation analyses. Differential expression analysis was performed on log2-transformed normalized abundance data with multiple hypothesis testing using a false discovery approach by Benjamini–Krieger false discovery rate (FDR 1%). Proteins having q-values of <0.01 and absolute log2 fold-changes >1 were considered as differential between tested workflows. Statistical analysis was performed using GraphPad Prism 9 (San Diego, CA, USA).



MS data files are publicly available through the ProteomeXchange Consortium via the PRIDE partner repository [58] with the dataset identifier PXD031946.





5. Conclusions


Based on our results, we recommend the following protocol for quantitative proteomics of small FFPE core samples: (i) water-based deparaffinization (depW) followed by homogenization using a micropestle (homMP) in an SDC-based extraction buffer containing reducing agents, e.g., DTT or TCEP (exSDC). In particular, for protein amounts of <10 µg, we recommend PAC-based digestion, while amounts of up to 100 µg work well with FASP. Importantly, based on our results, the tendency for better recoveries of subsets of proteins with certain properties might further influence the choice of sample preparation—for example, small and more acidic proteins showed better recoveries using PAC (see Supplemental Table S4).



This ’green’ FFPE proteomics workflow requires less starting material than used in comparable studies, i.e., <1 mg dry-weight of a FFPE core with wax, and enables robust proteomic profiling of FFPE tumor tissues (average RSD <20%) for clinical research. The micro-volumes of FFPE tissue used successfully in this study show that our workflow is well-suited for small tissue samples preserved in FFPE blocks such as core needle biopsies, and also small tissue cores such as those used to build TMAs. Diseases where tissue areas of interest are very limited, e.g., in pre-invasive cancer, are currently only amenable to histological assessment for diagnostic purposes. Our protocol enables clinical research and molecular characterization of such diseases, as only 1 mm in diameter cores are required. Furthermore, our workflow does not require any special equipment, is suitable for any standard hospital clinical laboratory, and can be automated, thereby facilitating high-throughput analysis for clinical research.



We have already used this protocol successfully for quantitative proteomics of FFPE cores and sections in breast cancer patient-derived xenografts for precise quantitation of PTEN [59], AKT1/2, and PIK3CA (publication in preparation), as well as in clinical samples of non-small cell lung cancer (NSCLC) for quantitative assessment of proteins in the PDL1-axis (publication in preparation). Tissue areas of interest as small as ~1 mm3 and, based on the total amounts of extracted protein, even considerably smaller volumes of FFPE tissues should be compatible with this workflow.
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Figure 1. Experimental Design. Xenografts were generated from human DCIS cells and tumors were resected after 1.5 weeks, followed by formalin-fixation and paraffin-embedding, as described in [17]. One-millimeter-diameter FFPE cores were used to optimize individual steps of the FFPE sample preparation: (1) deparaffinization, (2) homogenization, (3) extraction, and (4) digestion. Peptide samples were analyzed by nano-LC-MS/MS label-free quantitation (LFQ) to compare the performance of the evaluated protocols for each step of the sample preparation workflow. 
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Figure 2. Water-based deparaffinization is a ‘green’ alternative. (A) Total protein extracted after deparaffinization with either water (depW) or xylene (depX) (n = 5, unpaired t-test, p = 0.54). (B) Intra-method %CVs based on quantified proteins, median %CV are given. (C) Pearson correlation plot based on all proteins quantified by both methods. (D) Volcano plot highlighting proteins significantly enriched by either method (Benjamini–Krieger multiple hypothesis testing, FDR 1%). Cytosolic ribosomal proteins significantly enriched with depX are shown in orange. EIF4E, EGFR, and AKT1S1 are highlighted in dark grey. 
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Figure 3. Efficient tissue homogenization using micropestles. (A) Total protein extracted from 1 mm cores with a dry-weight < 1 mg (n = 5; unpaired t-test; p = 0.70). (B) Intra-method %CVs based on all quantified proteins, median %CV are given. (C) Pearson correlation plot based on all quantified proteins. (D) Volcano plot highlighting proteins that were significantly enriched by one method (multiple hypothesis testing using the FDR-based approach by Benjamini–Krieger, FDR 1%). 
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Figure 4. An SDC–TCEP-based buffer improves overall protein recovery from FFPE tissues. (A) Total protein extracted from 1 mm cores with dry-weight < 1 mg (n = 5; unpaired t-test; p = 0.0341). (B) Intra-method %CVs based on all quantified proteins, median %CVs are given (unpaired t-test; p < 0.0001). (C) Pearson correlation plot based on all proteins quantified with both methods. (D) Volcano plot highlighting proteins that were significantly enriched by either method (multiple hypothesis testing using FDR-based approach by Benjamini–Krieger, FDR 1%). 
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Figure 5. Comparison of PAC and STRAP with FASP. (A) Efficacy of tryptic digestion shown by percentage of missed cleavages. (B) Intra-method %CVs based on all quantified proteins, median %CVs are given. (C) Hierarchical clustering [49] of all quantified proteins, colors reflect log2-normalized abundances. (D–F) Volcano plots highlighting proteins that were significantly enriched by either method (multiple hypothesis testing using FDR-based approach by Benjamini–Krieger, FDR 1%). 
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Figure 6. Representative size of FFPE core used in this study. After deparaffinization, the core volume was approximately 0.4 mm3. 
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Figure 7. Representative tubes after deparaffinization. The molten paraffin in the depW approach forms a layer on the surface of the hot water and residual paraffin ‘flakes’ precipitate to the bottom of the tube during centrifugation. The deparaffinized tissue floats in the water and can be easily transferred into a new tube for further sample preparation. 
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