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Most tissue biopsies from patients in hospital environments are formalin-fixed and paraffin-embedded (FFPE) for long-term storage. This fixation process produces a modification in the proteins called “crosslinks”, which improves protein stability necessary for their conservation. Currently, these samples are mainly used in clinical practice for performing immunohistochemical analysis, since these modifications do not suppose a drawback for this technique; however, crosslinks difficult the protein extraction process. Accordingly, these modifications make the development of a good protein extraction protocol necessary. Due to the specific characteristics of each tissue, the same extraction buffers or deparaffinization protocols are not equally effective in all cases. Therefore, it is necessary to obtain a specific protocol for each tissue. The present work aims to establish a deparaffinization and protein extraction protocol from FFPE kidney samples to obtain protein enough of high quality for the subsequent proteomic analysis. Different deparaffination, protocols and protein extraction buffers will be tested in FFPE kidney samples. The optimized conditions will be applied in the identification by LC-MS/MS analysis of proteins extracted from 5, 10, and 15 glomeruli obtained through the microdissection of FFPE renal samples.
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INTRODUCTION

Chronic diseases such as diabetes, hypertension, obesity, or chronic kidney disease have been studied for many years through physiological, biochemical, and genetic approaches, contributing to the understanding of the pathophysiology of these diseases (1–3). In the last decade, proteomics offered insights into the translation of biological information from DNA to RNA to proteins (4) and post-transcriptional modifications caused by different diseases.

In clinical practice, formalin-fixed and paraffin-embedded (FFPE) of tissue biopsies is a specific technique used to prepare and preserve tissue specimens utilized in research, examination, diagnostics, and drug development. (5–9). These samples represent an almost endless biorepository for DNA, RNA and protein analyses. However, one of the main problems is trying to extract proteins from FFPE specimens, due to the nature of the cross-links formed after the treatment with formalin (10–12) (see Figure 1). These molecular crosslinks difficult protein extraction and more aggressive extraction techniques than those used for fresh or frozen tissues are necessary (7, 11, 12).


[image: Figure 1]
FIGURE 1. Formation of protein crosslinks steps: (1) reaction of formaldehyde with proteins/peptides to generate unstable methylol groups; (2) interaction of methylol groups with proteins/peptides to form Schiff bases through the elimination of water; (3) interaction of Schiff bases with proteins/peptides to form stable intra- or intermolecular “methylene bridges”.


However, in the last years, different proteomic analysis of FFPE specimens were reported (13). The first challenge found in the FFPE proteomics is the adaptation of heat-induced antigen retrieval methods, used for immunohistochemistry (IHC), to the extraction of the proteins from FFPE tissue to achieve proteomic approximations (7). In recent years, considerable advances have been made regarding the proteomic analysis of FFPE samples (9), improving the coverage and the number of proteins identified, studying post-translational modifications (9, 14), using iTRAQ-label-based proteomics or “label-free” assays for the quantitative analysis (8, 15). For example, recently, using a xylene-free method for the deparaffinization step and a combination of SDS or urea as buffers for the protein extraction step, were possible the identification and quantification of a set of proteins from FFPE tissues using a tandem mass tag (TMT) labeling approach (16).

In some cases, literature is confusing and contradictory (6, 17), being necessary standardization of some parameters as extraction buffers, pH, temperature, and pressure before the mass spectrometry analysis of proteins from FFPE specimens (9).

In relation to FFPE kidney tissue samples, the first study reported an enhancement method for immunohistochemical staining based on microwave oven heating of tissue sections in the presence of SDS-containing buffers (18). Two years later, one study developed with FFPE mouse kidney tissue samples shows good results after replacing the SDS extraction buffer with other buffers compatibles with the subsequent trypsin digestion and LC-MS/MS analysis (13). In 2009, a novel heat-induced antigen retrieval strategy using SDS-containing Laemmli buffer for efficient intact protein recovery from formalin-fixed tissues for subsequent analysis by western blotting were reported (19). A few years later, different proteins extraction buffers were tested in FFPE and frozen tissue samples. Among themselves, the RapiGest kit allows the identification of a high percentage of common proteins in both fresh and FFPE tissue samples (58% of the total of proteins identified) (20).

According to previous results (21), Perroud et al. (22) developed a method for the extraction of proteins from frozen and FFPE renal cell carcinoma (RCC) tissues samples which allowed the identification of 105 proteins significantly altered in RCC versus normal tissue. Sprung et al. (23) used the same method with minor modifications to test the reproducibility of multiple reaction monitoring (MRM) mass spectrometry-based peptide quantization in tryptic digests from frozen and FFPE clear cell renal cell carcinoma (ccRCC) tissues samples. A total of 1971 common proteins were identified in frozen and FFPE tissues samples showing that effect of formalin fixation in the proteins from tissues is not an obstacle for the development of the MRM mass spectrometry analysis (23).

An efficient and reproducible procedure for the extraction of proteins from FFPE renal tissues were also developed and optimized (24). This approach produces reliable results and biologically meaningful proteomic profiles generated by reverse-phase protein arrays RPPA, a high-throughput technology, which can detect changes in protein levels and protein functionality in numerous tissue and cell sources.

One year later, Craven et al. (15) developed a systematic analysis of normal and malignant FFPE renal tissues to examine the effect of paraffin-blocked samples' age/time storage and levels of technical and biological variability. The quantitative proteomic analysis revealed that the percentage of proteins common in normal and malignant tissues was remarkably high (around 60%).

In 2014, an study revealed that the combination of microdissection and tandem mass spectrometry could be used to investigate the proteome of isolated glomeruli from FFPE tissue in the non-clipped kidney of two-kidney one-clip (2K1C) hypertensive rats (25).

In 2015, stable isotopic dimethylation of primary amines was used for the first time for the quantitative proteomic analysis of FFPE clear cell renal cell carcinoma tissue samples without interference from formalin employed in the FFPE process (8). Proteome profiles changes in clear cell renal cell carcinoma (ccRCC) FFPE tissue specimens were compared with that of adjacent non-malignant renal tissue, finding differences in the levels of glycolytic enzymes, annexins as well as ribosomal and proteasomal proteins.

In the same year, Shen et al. (26) tested different protein extraction buffers as Zwittergent based buffer, SDS-containing buffer with/without polyethylene glycol 20000 (PEG20000), urea-containing buffer, and FFPE-FASP protein preparation kit in different types of rat FFPE tissues, including the heart, brain, liver, lung, and kidney. Their results show that Zwittergent buffer was the most efficient buffer for identifying peptides and proteins, compatible with mass spectrometry, in these different tissues.

And finally, in 2019, another work (27) shows again the use of SDS buffer as an effective method to obtain good identification by mass spectrometry in several tissues. An exhaustive revision about these methods in several different tissues was developed by Giusti et al. in the same year (28).

In summary, the method to obtain protein from FFPE samples is not well established and several major topics must be addressed to assure the scientific accuracy of FFPE tissue proteomics. Moreover, the selection of the deparaffinization method and the protein extraction buffer depends on the tissue analyzed. Therefore, it is important to consider that these methods may vary based on the procedure purpose and they also present some limitations, as the difficulty to identify low abundant proteins and post-translational modifications (PTMs) (29).

The principal aim of the present work is to establish a new extraction protocol for obtaining non-degraded proteins from FFPE kidney biopsy specimens and to test the minimum amount of tissue needed to obtain enough protein with good quality for the subsequent mass spectrometry (LC-MS/MS) analysis. These optimized conditions will be tested in microdissected glomeruli for the future discovery of biomarkers in diseases as glomerulonephritis.



MATERIALS AND METHODS


Chemicals

All reagents used were HPLC grade or higher. Trizma base, glycerol, Triton X-100, CHAPS, tributyl phosphine, sodium deoxycholate, α-cyano-4-hydroxy-cinnamic acid, EDTA, sodium chloride (NaCl), urea, thiourea, trifluoracetic acid (TFA), ammonium persulfate (APS) and iodoacetamide (IAA) were purchased from Sigma-Aldrich (United States). Dithiothreitol (DTT), Coomassie Blue and acrylamide/bis-acrylamide was purchased from Serva (Germany). Trypsin sequence-grade was purchased from Promega (United States). Sodium dodecyl sulfate (SDS), N,N,N',N'-tetramethylethylene-diamine (TEMED) and a molecular scale marker for gel electrophoresis were purchased from Bio-Rad (United States). Formic acid (HCOOH), ammonium bicarbonate (Ambic), methanol (MeOH), ethanol (EtOH), acetonitrile (ACN), isobutanol, hydrochloric acid (HCl), glacial acetic acid and xylene were purchased from Scharlau (Spain).



Biological Samples

All samples were obtained through collaboration with Dr. Miguel Garcia from the Nephrology Laboratory (NefroChus), Health Research Institute of Santiago de Compostela (IDIS). Initial standardization will be developed with sections of FFPE kidney samples from healthy patients. These sections [one section of 3 μm (over 3.5 mg) or 1 μm (over 1.5 mg)] were cut in 3 mm pieces to facilitate the deparaffinization process, therefore, 4–5 mg of sample per tube we used in the first approach (3 μm), and a decreasing amount 1.5 mg (1 μm) was used in the second approach to pinpoint the sensibility of the process.

The experiment was conducted in conformity with the declaration of Helsinki and approved by the Clinical Research Ethics Committees (CEIC) of Galicia (Spain) with approval number 2017/357.



Deparaffinization Methods

Three deparaffinization methods reported in the literature were followed (see Table 1):

- First method: FFPE samples were incubated (x3) with 1 mL of xylene for 5 min at 65°C under vortex, instead of washing them. The rehydration of the sample was then performed by incubation with decreasing alcohol percentages (100, 85, and 75% EtOH) for 5 min at room temperature (RT). After that, samples were allowed to air dry before the extraction step (15).

- Second method: FFPE samples were incubated (x3) with 150 μL of xylene for 5 min at RT. The rehydration of the sample was then performed by incubation with decreasing alcohol percentages (100, 90, 80, and 70% EtOH) for 1 min at RT. Finally, samples were left in milli-Q H2O for 30 min (24, 26, 30).

- Third method: FFPE samples were incubated with 600 μL of mineral oil for 2 min at 95°C, and then centrifuged at 14,000g for 1 min. After that 350 μL of mineral oil was added for 5 min at 95°C. Mineral oil was then removed before the protein extraction step (31).


Table 1. Deparaffinization methods reported in the literature that were followed in the present work. While in the deparaffinization with xylene (at 65°C and RT) is necessary a subsequent rehydration step with ethanol (in different percentages), the deparafinization with mineral oil (at 95°C) does not require this rehydration step.
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After the deparaffinization step, samples were frozen overnight before the protein extraction process.



Protein Extraction

After the deparaffinization of the samples, proteins from FFPE kidney tissues specimens were extracted testing three different protocols for the disaggregation of the samples:

- First protocol: 50 μL of buffer were added, then the tissue was pressed through a 20G syringe and incubated in ice for 20 min, centrifuged and the supernatant collected (32).

- Second protocol: 50 μL of buffer were added to the sample, then boiled at 100°C for 15 min and centrifuged at 14,000g for 15 min at 4°C (31).

- Third protocol: 50 μL of buffer were added to the sample, then boiled for 20 min at 100°C plus 2 h at 60°C and then sonicated for 30 min (15). In the present work, the sonication step was substituted by a disaggregation step with a TissueLyser (Qiagen) (that disrupts tissues through high-speed shaking) for 3 min to improve tissue rupture, and then centrifuged at 14,000 rpm for 20 min to remove tissue remnants.

The composition of the different buffers used for the protein extraction step is described below (see Table 2):

- buffer 1 (Tris-SDS LB): 100 mM tris pH 8, 100 mM DTT, 4% SDS (14, 25, 26).

- buffer 2 (urea LB): 5 M urea, 2 M thiourea, 2 mM tributylphosphine, 65 mM DTT, 4% CHAPS (14, 26, 31).

- buffer 3 (Tris-SDS-DTT-Gly LB): 62.5 mM Tris-HCl pH 6.8, 4% w/v SDS, 10% v/v glycerol, 100 mM DTT (15).

- buffer 4 (citrate-SDS LB): 200 mM Tris-HCl, pH 7.5, 200 mM NaCl, 5% SDS 100 mM sodium citrate (31, 32).

- buffer 5 (SDS-LB): 200 mM Tris-HCl pH 6.8, 2% w/v SDS, 20% v/v glycerol (31, 32).

- buffer 6 (RIPA LB): 150 mm NaCl, 10 mm Tris-HCl, pH 7.2, 2% SDS, 1% Triton X-100, 1% sodium deoxycholate, 5 mm EDTA (22).


Table 2. Composition of the different protein extraction buffers reported in the literature that were used in the present work.
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Protein quantification was developed with an RCDC kit (BioRad, USA) following the manufacturer's instructions. Each different condition was tested in three different FFPE kidney tissue samples (x3).



One Dimensional SDS-PAGE

One dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis (1D SDS-PAGE) was performed to test the protein quality and degradation. 20 μL of each extraction were loaded in a 10% acrylamide/bis-acrylamide gel and run-in a Plus Dodeca electrophoresis cell (BioRad, USA) at constant amperage of 30 mA per gel for 4 h, until the front line reached the lower edge. The gels were stained with Coomassie Blue for 2 h at room temperature under agitation and distained with MeOH/acetic acid (45/7.5%) for 12 h, also under agitation. They were then washed in milli-Q H2O and scanned.

A study of the global proteome was also done using acrylamide/bis-acrylamide gel leaving only a 3 mm space in the gel separating phase (resolving phase) then stopping the electrophoresis (33, 34). The gels were stained with Coomassie Blue for 2 h at room temperature under agitation and distained with MeOH/acetic acid (45/7.5%) for 12 h. They were then washed in milli-Q H2O and scanned. The obtained bands were cut and processed through “in-gel” digestion.



“In-gel” Protein Digestion

The “in-gel” protein digestion was manually performed according to the Shevchenko et al. protocol (35) with minor modifications. Briefly, the selected bands from 1-DE gels were excised and washed with a solution containing 50 mM Ambic and 50% MeOH. Proteins were reduced with 10 mM DTT in 50 mM Ambic and alkylated with 55 mM IAA in 50 mM Ambic, and subsequently rinsed with 50 mM Ambic in 50% MeOH, dehydrated through the addition of ACN and dried in a SpeedVac (Thermo Scientific, USA). Modified porcine trypsin was added to the dried gel slices at a final concentration of 20 ng/μL in 20 mM Ambic, followed by incubation at 37 °C for 16 h. The peptides were extracted three times by incubation in 40 μL of 60% ACN in 0.5% HCOOH for 20 min. The resulting peptide extracts were pooled, concentrated, and dried in a SpeedVac and stored at −20°C until their analysis through LC-MS/MS.



Protein Identification by Mass Spectrometry (LC-MS/MS) and Data Analysis

The analysis by LC-MS/MS was performed as described previously by our group and different authors (36–40). Briefly, a TripleTOF 6600 System (SCIEX, Foster City, CA) was employed for the Data acquisition using a Data-dependent workflow. After MS/MS analysis, data files were processed using ProteinPilotTM 5.0.1 software from SCIEX which uses the algorithm ParagonTM for database search and ProgroupTM for data grouping. Data were searched using a Human specific Uniprot database. False discovery rate was performed using a non-lineal fitting method displaying only those results that reported a 1% Global false discovery rate or better. Each determination was performed in triplicate (x3).

Protein ontology classification was analyzed using the tool PANTHER (http://www.pantherdb.org/). The differentially expressed proteins were grouped according to their molecular function, biological process, and cellular component.



Laser Capture Microdissection of FFPE Glomeruli

Laser capture microdissection was performed using the laser microdissection system LEICA AS LMD (Leica Microsystems, Wetzlar, Germany) (41) containing a VSL-337ND-s Nitrogen Laser. FFPE renal samples were used to obtain 5, 10, and 15 glomeruli. These glomeruli were laser microdissected from 3 μm sections and pressure catapulted into a tube cap (AdhesiveCap 500 clear, Zeiss). Glomeruli with severe morphological damage were excluded as the objective was to investigate the minimal amount of tissue to obtain good quality protein. The total volume of dissected glomerular tissue ranged from 7.8 to 12.5 μL. Dissected FFPE tissue was stored at −20°C until deparaffinization. All analysis were performed in triplicate.




RESULTS


Protein Yield and Quality of the Extraction Method

In the present work, FFPE kidney tissues samples (x3) were deparaffinated using xylene or mineral oil (see section Deparaffinization Methods), and the protein extraction from these samples were performed with three disaggregation protocols and six different extraction buffers (see section Protein Extraction).

Firstly, one experiment was developed to evaluate the protein integrity through 1D SDS-PAGE after the application of the three protein extraction protocols for the disaggregation of the samples. FFPE kidney tissue samples were deparaffinated with xylene at 65°C or mineral oil at 95°C, and the buffer selected for the extraction step was buffer 6 (RIPA LB). Figure 2 compares the results obtained using the different extraction protocols. Visible bands were observed in the 1D SDS-PAGE gels with the three protocols; however, only well-defined bands were observed after using the protocol 3 (see section Protein Extraction) with both deparaffinization solvents (paraffin was used as negative control). Probably, the high efficiency of the protocol 3 is due to the combination of high incubation temperature with the TissueLyser for the disaggregation of the sample.


[image: Figure 2]
FIGURE 2. Comparison of the tissue disaggregation methods (protocols 1–3). 1D SDS-PAGE 10% gels were performed to evaluate the protein integrity. Deparaffinization with xylene at 65°C or with mineral oil at 95°C, and protein extraction buffer 6 (RIPA LB) were selected.


After the optimization and selection of the best tissue disaggregation method (protocol 3), the deparaffinization efficiency of xylene (a toxic polar solvent) and mineral oil was compared using three different protein extraction buffers: buffer 2 (urea LB), buffer 4 (citrate-SDS LB) and buffer 5 (SDS LB) (see Figure 3A). Better results were observed after the combination of the deparaffinization with xylene at 65°C and the buffer 4, and the deparaffinization with mineral oil at 95°C and buffer 2 or buffer 5. To improve the deparaffinization with xylene, we tested the effect of temperature in this process following a method described previously by Araújo et al. (42). As Figure 3B shows, the deparaffinization of the FFPE tissues samples with xylene at RT in combination with all extraction buffers (buffer 1 to 6) and protocol 3 (disaggregation with the TissueLyser) improved the protein extraction showing visible bands in all cases.


[image: Figure 3]
FIGURE 3. Comparison of the three different deparafinization methods and the protein extraction buffers efficiency. 1D SDS-PAGE 10% gels were performed to evaluate the protein integrity. (A) Visualization of gel protein bands after the deparaffinization with xylene at 65°C or with mineral oil at 95°C using the protein extraction buffers: buffer 2 (urea LB), buffer 4 (citrate SDS LB), and buffer 5 (SDS LB). (B) Visualization of gel protein bands after the deparaffinization with xylene at RT using the protein extraction buffers: buffer 1 (TRIS SDS LB), buffer 2 (urea LB), buffer 3 (TRIS SDS DTT GLY LB), buffer 4 (citrate SDS-LB), buffer 5 (SDS LB), and buffer 6 (Ripa LB). All samples were treated under the conditions of protocol 3 (disaggregation with the TissueLyser).


As we mentioned above, this work also aims to evaluate the minimum amount of tissue needed to obtain enough protein with good quality for the subsequent mass spectrometry (LC-MS/MS) analysis. The previous optimization was made using 1 section of 3 μm of FFPE sample (3.5 mg of tissue), which is less than sections of 10 μm used by other authors. To assess if the procedure was still applicable to smaller quantities of FFPE samples, the optimized protocol was applied in one section of 3 μm (3.5 mg of tissue) and one section of 1 μm (1.5 mg of tissue). Surprisingly, Figure 4 shows that even using 1.5 mg of tissue, good quality proteins could be extracted using two SDS-containing buffers: buffer 3 (Tris-SDS-DTT-Glycerol LB) and buffer 5 (SDS LB).


[image: Figure 4]
FIGURE 4. Evaluation of the minimal sample amount necessary to obtain good quality protein using 1.5 and 3.5 mg of tissue. 1D SDS-PAGE 10% gel was performed to evaluate the protein integrity. Visualization of gel protein bands after the deparaffinization of with xylene at RT using two protein extraction SDS-containing buffers: buffer 3 (TRIS SDS DTT GLY LB) and buffer 5 (SDS LB). All samples were treated under the conditions of protocol 3 (disaggregation with the TissueLyser).




Mass Spectrometry (LC-MS/MS) Analysis for Protein Identification

Previous optimization showed that the best conditions for the treatment of FFPE kidney tissues samples consist of the deparaffinization with xylene at RT (see section Deparaffinization Methods), and a disaggregation step of the samples with a TissueLyser (protocol 3). After that, the efficiency of the six protein extraction buffers was evaluated by LC-MS/MS using a Triple TOF technology, performing each determination in triplicate (x3).

Table 3 shows the number of proteins identified after the use of the different protein extraction buffers (see Supplementary Table 1), being higher with SDS-containing buffers. While 468 proteins were commonly identified using the five SDS-containing buffers, a total of 112, 66, 48, 176, and 10 were unique proteins for the buffer 1 (Tris-SDS LB), buffer 3 (Tris-SDS-DTT-Glycerol LB), buffer 4 (citrate SDS LB), buffer 5 (SDS LB) and buffer 6 (RIPA LB), respectively (see Figure 5 and Supplementary Table 2).


Table 3. Number of identified proteins by LC-MS/MS using the six different extraction buffers. There are shown the number of common proteins identified in all replicates (×3).
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FIGURE 5. Venn diagram showing the number of common and unique proteins identified after using the different SDS-containing buffers for the extraction of proteins from FFPE kidney tissue samples: buffer 1 (Tris-SDS LB), buffer 3 (Tris-SDS-DTT-Glycerol LB), buffer 4 (citrate-SDS LB), buffer 5 (SDS-LB), and buffer 6 (RIPA LB).


Importantly, from these common proteins, more than 80% were found to be mainly expressed in kidney tissue in databases as Uniprot (https://www.uniprot.org/) and were also identified in previously reported articles with FFPE kidney samples (25, 26, 42, 43). A functional analysis of these 468 common proteins were developed using the software FunRich (http://www.funrich.org/). Proteins were classified according to different criteria as their biological process (see Figure 6A) and molecular function (see Figure 6B) (see Supplementary Table 3). As Figure 6A shows, proteins identified were involved in the extracellular matrix organization (3.7%), protein folding (5%), inflammatory response (3.5%), innate immune response (4.1%) or ATP biosynthesis process (2.6%). In relation with their molecular function (see Figure 6B), most of the identified proteins correspond to ATP binding (10.9%), identical protein binding (17.5%), actin-binding (3.5%), receptor binding (5.7%) or RNA binding (18.3%).


[image: Figure 6]
FIGURE 6. Functional classification of the 468 common proteins identified after the extraction with the five SDS-containing buffers according to their (A) biological process and (B) molecular function, using the FunRich program.


After comparing total proteins (common and non-common) identified after the use of the five SDS-containing buffers (buffer 1, buffer 3, buffer 4, buffer 5, buffer 6) with the total of proteins identified after the use of the urea-containing extraction buffer (buffer 2: urea LB) (see Figure 7 and Supplementary Table 4), 548 proteins were common, 896 were unique proteins of the SDS-containing buffers and 21 uniques proteins of the urea-containing buffer. Figure 8 compares the functional analysis of the cellular component, biological process and molecular function of the unique proteins identified after the use of SDS-containing buffers and the urea-containing buffer (see Supplementary Table 4). As it could be observed, the different buffer composition affects the kind of proteins extracted from the FFPE kidney tissue specimens. In this sense, while with the SDS-containing buffers proteins identified were mainly located in the cytoplasm, cytosol, and extracellular exosomes, with the urea-containing buffer proteins identified were in the membrane (see Figure 8A). In relation with the molecular function, proteins identified with the SDS-containing buffers participates mainly in protein binding, RNA binding, or ATP binding function, proteins identified with the use of the urea-containing buffer are implicated in calcium-binding and GTPase activity (see Figure 8B). Finally, when analyzing the biological processes in both conditions, higher proteins were identified related to neutrophil degranulation and RNA splicing using SDS-containing buffers, and more proteins are related to mRNA splicing via spliceosome, post-translational protein modification, keratinization, and cornification after the use of the urea-containing buffer (see Figure 8C).
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FIGURE 7. Venn diagram showing the number of common and unique proteins identified after using SDS-containing buffers [buffer 1 (Tris-SDS LB), buffer 3 (Tris-SDS-DTT-Glycerol LB), buffer 4 (citrate-SDS LB), buffer 5 (SDS-LB), and buffer 6 (RIPA LB)] and the urea-containing buffer [buffer 2 (urea LB)].
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FIGURE 8. Functional classification of the 896 and 21 unique proteins identified after the extraction with the five SDS-containing buffers [buffer 1 (Tris-SDS LB), buffer 3 (Tris-SDS-DTT-Glycerol LB), buffer 4 (citrate-SDS LB), buffer 5 (SDS-LB), and buffer 6 (RIPA LB)] (blue bars) and the urea-containing buffer [buffer 2 (urea LB)] (red bars), respectively, according to their (A) cellular component, (B) molecular function, and (B) biological process, using the FunRich program.


Finally, individual functional analysis of the proteins identified using each buffer was performed to evaluate the influence of the buffer composition on the extraction of a proteins with different properties/functionalities (see Figures 9–11, and Supplementary Table 5). Figure 9A shows that the number of proteins extracted from extracellular exosomes with buffer 1 (Tris-SDS LB), buffer 3 (Tris-SDS-DTT-glycerol LB) and buffer 4 (citrate-SDS LB) were similar (between 72 and 74%), with buffer 5 (SDS LB) is 68% and with buffer 2 (urea LB) and buffer 6 (RIPA LB) are 78–80% (see Figure 9A). Other cellular components, such as the plasma membrane protein complex, show the same profile (see Figure 9B). However, the profile after the analysis of proteins from the cytoplasmic side of the plasma membrane was different, obtaining the highest percentage after the protein extraction with buffer 5 (SDS LB) and the lowest with the buffer 4 (citrate SDS LB) (see Figure 9B).
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FIGURE 9. Functional classification of all proteins identified after the extraction with the six different buffers [buffer 1 (Tris-SDS LB), n = 979 proteins; buffer 2 (urea LB), n = 569 proteins; buffer 3 (Tris-SDS-DTT-Glycerol LB), n = 930 proteins; buffer 4 (citrate-SDS LB), n = 921 proteins; buffer 5 (SDS-LB), n = 1,086 proteins; buffer 6 (RIPA LB), n = 540 proteins], according to their cellular component: (A) extracellular exosomes, (B) plasma membrane complex and cytoplasmatic side of plasma membrane, using the FunRich program.


According to the molecular function of the proteins extracted with the different buffers, small variations were observed in the percentages of proteins related to RNA binding (see Figure 10A), however, more differences were observed for other functions as: ATPase coupled ion transmembrane transporter activity, GTP-dependent protein binding, calcium channel regulator activity, fibrinogen binding and fibroblast growth factor binding (see Figure 10B). As Figure 11A shows, proteins implicated in the biological process of actin filament network formation were extracted with all buffers except for buffer 6 (RIPA LB). Furthermore, buffer 4 (citrate-SDS LB) and buffer 5 (SDS LB) were the only ones that allowed the extraction of proteins that participates in actin-mediated cell contraction, activation of MAPKK activity, adenylate cyclase-activating G-protein coupled receptor signaling pathway and the renal system process (see Figure 11B).


[image: Figure 10]
FIGURE 10. Functional classification of all proteins identified after the extraction with the six different buffers [buffer 1 (Tris-SDS LB), n = 979 proteins; buffer 2 (urea LB), n = 569 proteins; buffer 3 (Tris-SDS-DTT-Glycerol LB), n = 930 proteins; buffer 4 (citrate-SDS LB), n = 921 proteins; buffer 5 (SDS-LB), n = 1,086 proteins; buffer 6 (RIPA LB), n = 540 proteins], according to their molecular function: (A) RNA binding, (B) ATPase coupled ion transmembrane transporter activity, GTP-dependent protein binding, calcium channel regulator activity, fibrinogen binding, fibroblast growth factor binding, using the FunRich program.
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FIGURE 11. Functional classification of all proteins identified after the extraction with the six different buffers [buffer 1 (Tris-SDS LB), n = 979 proteins; buffer 2 (urea LB), n = 569 proteins; buffer 3 (Tris-SDS-DTT-Glycerol LB), n = 930 proteins; buffer 4 (citrate-SDS LB), n = 921 proteins; buffer 5 (SDS-LB), n = 1,086 proteins; buffer 6 (RIPA LB), n = 540 proteins], according to their biological process: (A) actin filament network formation, (B) actin-mediated cell contraction, activation of MAPKK activity, adenylate cyclase-activating G-protein coupled receptor signaling pathway, renal system process, using the FunRich program.


Concerning these results, the deparaffinization method composed of xylene at RT, followed by rehydration with decreasing alcohol percentages and a final hydration step with milli-Q H2O allows the complete paraffin removal and, consequently, the protein extraction process seems to be more effective. From the six different protein extraction buffers, SDS-containing buffer 1 (Tris-SDS LB) and buffer 5 (SDS LB) promotes the identification of higher number of proteins. Combination of this conditions with a disaggregation step with the TissueLyser seems to be a high effective method for the extraction of high-quality proteins from FFPE kidney tissues specimens.



Microdissected Glomeruli Study

Previously optimized conditions were applied to the protein extraction from 5, 10, and 15 glomeruli obtained from FFPE renal samples. Importantly, proteins extracted were identified by LC-MS/MS analysis (see Figure 12), showing a total of 8, 10, and 25 proteins, respectively. Further insights are necessary for the application of this methodology in the discovery of biomarkers of different renal disorders, as glomerulonephritis.
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FIGURE 12. Proteins identified after the application of the optimizated conditions in the present work to the treatment of 5, 10, or 15 microdisected glomeruli.





DISCUSSION

The use of FFPE tissue blocks is a standard procedure in the clinical practice as an economical archival choice because tissues can be stored at RT to guarantee long-term stability. These samples representing a wide assortment of biological material to perform different disease process retrospectives. Moreover, these FFPE specimens are often associated with clinical data, including histology reports, treatment, and patient outcomes (12, 28) that may be used to correlate with the findings. However, FFPE samples show some disadvantages because the use of the paraffin-formalin technique induces crosslinks mainly with arginine, lysine, serine, and tyrosine amino acid residues. Furthermore, the formalin-fixation and paraffin-embedded procedure may induce a loss of protein modifications or poor protein retrieval during the protein extraction process, although optical spectroscopic studies indicated that this treatment does not appear to significantly alter the protein's secondary or tertiary structure (12, 44). On the other hand, it is generally accepted that FFPE tissue proteomic data are good enough to be used for biomarker searching, there remains a great variance between protein profiles from FFPE and matched fresh-frozen tissue sections (45).

Based on these observations, some topics must be addressed to assure the accuracy of FFPE tissue proteomics. (1) Which factors affect the efficient and reproducible extraction of proteins from FFPE tissue? Is the paraffin-induced modifications in the protein one of these factors? (2) What is the best protocol to obtain proteins from FFPE tissues that is both reproducible and effective? (3) Is it necessary to establish a universal standard for the evaluation of the quality and quantity of proteins extracted from FFPE tissues, or rather adapt each tissue according to its characteristics? (4) To avoid potential bias due to preferential extraction of proteins by a single protocol, are multiple extraction steps using a range of pH values, buffers, or heating conditions necessary to achieve complete protein coverage? Consequently, to clarify all these questions a protein extraction standardization is necessary (45).

Continuous studies have provided solutions related to the FFPE protein extraction methods to expand the proteomic search. In this way, several papers have been recently published where the authors made a comparison between procedures and buffers to improve the protein extraction of FFPE samples (9, 16, 26, 28, 31, 46).

This work aims to develop a protein extraction protocol from healthy renal FFPE tissue, unlike other studies (47), testing several tissue disaggregation methods, deparaffinization procedures, and protein extraction buffers for proteomics analysis.

One of the most critical steps in the proteomic field is the quantitative recovery of proteins from samples before their subsequent proteomic analysis (45). While protein recovery can be complicated in some fresh or frozen tissues, in FFPE the dilemma is especially challenging.

A correct tissue homogenization is fundamental to guarantee the total buffer penetration in the tissue sample; thus, it is an important procedure that needs standardization in the management of FFPE samples. In this way, mechanical disaggregation showed to be useful for the treatment of different tissue types (48, 49).

In the present study, the protocol 3 offered the highest quality and quantity of proteins, where FFPE tissue samples were deparaffinated with xylene (at 65°C) or mineral oil (at 95°C) in combination with a mechanic TissueLyser disaggregation. Probably, this procedure promotes the elimination of the remaining paraffin of the sample. Although several papers reported the use of higher temperature combined with moderate pressure (15 psi) (50), or the use of a modified Laemmli protocol (19, 20) to obtain a good tissue homogenization, in the present work the use of pressure (syringe extraction) does not show good results.

In the deparaffination step, the complete solubilization of formalin promotes the protein extraction for the subsequent proteomic analysis (45). However, two main problems must be addressed: the insolubility of paraffin in water and the chemical modifications of proteins. Although different solvents were used for the paraffin removal, generally, the solubilization is achieved using apolar solvents and the rehydration is carried out with alcohols at different concentrations (7). As we previously described, xylene is the most widely used apolar solvent, but some authors also used mineral oil as a non-toxic (7, 31) and effective reagent or, in some cases, even heptane (51). In the present work, three deparaffinization methods were tested (see section Deparaffinization Methods). While the poor results obtained with mineral oil al 95°C could be due to an incomplete deparaffinization with this solvent that impeded the protein extraction buffer penetration, the bad results obtained with xylene at 65°C were probably due to the degradation of proteins at this temperature. These drawbacks were avoided after using xylene at RT following a method previously reported method (42, 52).

As it as mentioned above, the protein extraction efficiency could be modulated by some factors such as temperature, incubation time, extraction buffer composition, application of an ultrasonic method or other methods for tissue disaggregation (7, 14). In this way, it was previously described that heating the tissue in the presence of the extraction buffer promotes the protein extraction though the elimination of intra- and intermolecular cross-links (42). Furthermore, the protein extraction efficiency will be higher with the use of an aggressive disaggregation method (as TissueLyser) that promotes the reaction between the proteins and the extraction buffer.

Importantly, the method developed in the present work was also effective for the protein extraction in 1.5 mg of FFPE tissue samples, an amount lower than those used in previous works. Comparatively, R. W. Sprung et al. (23) developed an SRM study where they used sections of 30 μm (over 35 mg), 10 times more than that employed in the present study. Other studies used three serial sections of 10 μm thickness and xylene and xylol as deparaffination agent or sections of 10 μm and heptane as deparaffination agent (51). Moreover, we can obtain protein we perform a previously microdissection and only using 5 glomeruli in our analysis (Figure 12).

As we mentioned above, the incomplete solubilization of proteins and reversal of formaldehyde adducts and crosslinks from FFPE tissues can reduce accurate protein analysis and can fail to identify constituent proteins in the extracts. In this way, shotgun LC-MS/MS is established as one of the most powerful and widespread approaches for the proteomic characterization of complex samples such as FFPE tissue extracts. After the optimization of the deparaffinization and the disaggregation steps, a mass spectrometry analysis was developed to select the best conditions after compare the type and the number of proteins identified with each protein extraction buffers of different composition. It is important to mention that the number of proteins identified in the present work (see Table 3) is similar or even higher than that reached by other authors. For example, Sprung et al. (23) identified a total of 1982 proteins in FFPE tissue samples but using an amount of protein 10 times higher. Nirmalan et al. (20) obtained a similar number of identified proteins but using xylene for the deparaffinization step and Rapigest for the direct protein digestion.

Thus, the efficiency of six buffers with various pH values (ranging from pH 6.8 to 8) and different composition were tested to compare by mass spectrometry the quantity and quality of proteins extracted from FFPE tissues. In relation with the pH, some authors suggest that an extremely high pH can induce poor protein recovery, whilst a low pH can produce breaks by the acidification of the aspartic acid, producing a lesser protein yield (24). However, other authors obtained better results with pH 8 or greater, because it facilitates the breaking of methylene bridges, thus enabling protein release (7, 26). Araujo et al. considered pHs 7.4 and 9 as best for their experiment design (42). In the present work, the efficiency of the extraction (higher number of identified proteins) was better at pH 8 with the buffer 1 (Tris-SDS LB) identifying 979 proteins, pH 7.5 with buffer 4 (citrate-SDS LB) identifying 921 proteins, and at pH 6.8 with buffer 3 (Tris-SDS-DTT-Glycerol LB) and buffer 5 (SDS LB), identifying 930 and 1,086 proteins.

Another key factor are detergents presented in the protein extraction buffer that promotes the solubilization of proteins presented in FFPE tissues samples (42). In the present work, buffers contain detergents as Triton X-100 (buffer 6), CHAPS (buffer 2), or the anionic detergent SDS (buffer 1, buffer 3, buffer 4, buffer 5 and buffer 6). As can be seen in Figure 3B and Table 3, the use of SDS-containing buffers in a percentage between 2–5% promotes proteins extraction, something reported previously by different authors (31, 32, 46). Furthermore, it was also described that a higher % of SDS hampers the solubilization of hydrophilic proteins (52). SDS contributed to the protein extraction thought the denaturalization of native proteins into their polypeptides, which could be enhanced after the incubation at 100°C. However, the combination of SDS with Triton X-100 (a weak protein-denaturing agent) in buffer 6, does not enhance protein extraction (52).

On the other hand, some authors suggest that the combination of detergents, denaturant agents and reductants plays an important role in the protein extraction since this combination could induce protein unfolding increasing the protein accessibility from formalin-fixed samples (26). In the present work, this statement was confirmed because the combination of the detergent SDS and the reductant agent DTT in buffer 1 (Tris-SDS LB) and buffer 3 (Tris-SDS-DTT-Glycerol LB) contributed to the protein extraction, identifying 979 and 930 proteins, respectively.

Examples of the use of SDS-containing buffers to extract proteins from FFPE kidney tissue samples were also reported. For example, Craven et al. (15) obtained over 2000 proteins from 5 cm2 renal cell carcinoma FFPE samples using a 4% SDS-containing buffer. Ostasiewicz et al. (14) showed that a buffer containing Tris-hydrochloric acid, DTT, and SDS extracted 2,938 proteins from 10 FFPE slices of 10 μm thickness although, in this case, the analysis was performed with liver samples.

Despite the effectiveness of SDS-containing buffer, its incompatibility with MS and with the previous enzymatic digestion makes it necessary for an SDS removal. In the present work, proteins were concentrated in an SDS-PAGE gel to the subsequent “in-gel” digestion. From the 468 proteins commonly identified after the use of all SDS-containing extraction buffers, more than 80% were previously found to be expressed in kidney tissue. Some of these proteins are uromodulin, transporters as ADP/ATP translocase 2, mitochondrial 2-oxoglutarate/malate carrier protein, ezrin-radixin-moesin-binding phosphoprotein 50 and band 3 anion transport protein, among others, mainly related to the filter function of the kidney. Other proteins such as clusterin, serum amyloid P-component, complements, collagenases, apolipoprotein E, serpin, transthyretin, fatty acid-binding protein, immunoglobulins, keratins, ferritin, light and heavy chain, heparan sulfate proteoglycan, vinculin, transgelin, glyceraldehyde-3-phosphate dehydrogenase, pyruvate kinase orS100 were described previously by other authors in kidney samples (25, 26, 42, 43).

From the 468 common proteins, 3.7% were involved in the extracellular matrix organization and 4.1% in the innate immune response. These results agree with kidney biology because their function relies strongly on the adequate regulation of the extracellular matrix. Therefore, deregulation in the extracellular matrix in the kidney is involved in many glomerular diseases and is a final common pathway of glomerular injury (53). Moreover, the immune system is intricately linked to these organs. On the one hand, in a healthy state, kidneys contribute to immune homeostasis, and on the other hand components of the immune system mediate many acute forms of renal disease playing a central role in the progression of chronic kidney disease. Additionally, it is important to mention that a dysregulated immune system can have direct or indirect renal effects (54, 55). In relation with their molecular function, some of these common proteins are important in kidney physiology and their architecture and function are maintained and regulated by actin and several actin-binding proteins. Mutations at these levels can produce glomerular diseases (56).

Although the problem of the SDS incompatibility in mass spectrometry was solved by SDS-PAGE gel and “in-gel” digestion, the urea-containing buffer 2 (urea LB) was also tested. This buffer used urea as a substitute for a chaotropic reagent (26, 52). However, this approach has certain limitations because lytic strength is poor and leaves some insoluble proteins behind, such as membrane proteins; it makes a less efficient protein digestion and peptide identification.

Functional analysis revealed that proteins with different molecular and biological function could be extracted from the same FFPE tissue specimen, depending on the buffer selected: SDS-containing buffers (buffer 1, buffer 3, buffer 4, buffer 5, buffer 6) and the urea-containing buffer (buffer 2).

In summary, the present work demonstrates that a successful identification of proteins extracted from FFPE kidney tissue samples can be performed by LC-MS/MS taking into account the following considerations: (i) xylene at RT can eliminate the formalin fixation efficiently from the FFPE kidney tissue specimens, (ii) both, high-temperature (at least 20 min at 100°C), the presence of strong detergents (SDS or analog) and reducing agents (e.g., DTT) in the extraction buffer, seem to be factors that contribute to obtain good extraction yields; (iii) buffer pH values should be in the range 7–9 (only slight variations in the protein extraction yield are observed within that range); (iv) tissue homogenization/disaggregation using a TissueLyser and sonication treatment can improve the extraction efficiency. Regarding the minimal amount of tissue sample necessary to obtain good quality protein, the present work demonstrated that can obtain protein from 1.5 mg of FFPE tissue. This method allows obtaining protein using much less amount of tissue than the method proposes by other authors. Importantly, the methodology proposed in this work was effective for the extraction of proteins from only 5 glomeruli, open a new way in the search of novel biomarkers of different renal diseases.
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