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SUMMARY
This protocol enables efficient histone extraction from various clinical samples for subsequent post-translational modification (PTM) analysis by LC-MS/MS. By facilitating robust detection of key histone modifications, it serves as a valuable tool for comprehensive epigenetic profiling in large clinical cohorts.

ABSTRACT
Extensive experimental evidence supports the role of epigenetic mechanisms in cancer onset, progression, and recurrence. Among these, histone variants and their post-translational modifications (PTMs) regulate chromatin organization and dynamics, and genome accessibility, thereby influencing key DNA-based processes, such as transcription, replication, and DNA damage repair through the so-called “histone code”. Dysregulated histone PTM patterns are frequently observed in cancers, with some marks that have been shown to serve as diagnostic and prognostic biomarkers. Thus, novel methodologies enabling unbiased and comprehensive histone PTM profiling in clinical samples are highly valuable for characterizing the epigenetic landscapes of tumors. Here, we present a protocol for the efficient extraction of histones from clinical samples, including snap frozen, optimal-cutting temperature (OCT) frozen, and formalin-fixed paraffin-embedded (FFPE) biopsies. This approach yields histone proteins of sufficient quantity and quality for the subsequent bottom-up analysis via high-performance liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). This workflow enables the robust detection and quantification of key histone modifications, particularly lysine acetylation (ac)  and methylation (me), across primary tumor samples, providing an additional molecular layer for cancer characterization.

INTRODUCTION
In the nucleus of eukaryotic cells, histones assemble with DNA to form the nucleosomes, the fundamental structural units of chromatin. Each nucleosome consists of approximately 146 bp of DNA wrapped around an octamer composed of two copies of core histones H2A and H2B, along with two dimers of histones H3 and H4. In addition, a linker histone H1 is also present and facilitates chromatin higher-order organization by binding both the nucleosome and the linker DNA stretch between nucleosomes1. Histones are decorated by a wide variety of post-translational modifications (PTMs) that are mainly present at their N-terminal tails. These modifications include methylation, various types of acylation (acetylation, propionylation, butyrylation, etc.), phosphorylation, SUMOylation, ubiquitylation, ADP‐ribosylation, and crotonylation, among which lysine and arginine methylation and lysine acetylation are the most characterized2. The specific types, locations, and combinations of histone modifications create what is known as the "histone code". This code consists of various post-translational modifications (PTMs) on the N-terminal tails of histones, which are added and removed by specific histone-modifying enzymes. These modifications are then recognized by effector proteins, leading to changes in chromatin structure, such as compaction or decondensation, ultimately influencing several biological processes, including DNA damage repair, replication, and particularly gene transcription3,4.

DNA methylation and histone PTMs are among the most studied epigenetic features in cancer3. Recent experimental evidence has shown alterations in the levels of various histone PTMs in several cancer types. Notably, the loss of H4K20me3 and H4K16ac has been reported as hallmarks of cancer, as their level was found to be decreased in essentially all tumors compared to the normal tissues4. Our group identified the loss of H3K14ac as a potential hallmark of cancer by quantifying its reduction in several cancers compared to normal counterparts using mass spectrometry (MS)-based approaches5. Moreover, numerous studies have highlighted the prognostic value of histone PTMs, showing that alterations in their global levels, primarily assessed by immunohistochemistry in patient biopsies, correlate with cancer progression, histological grading, and therapeutic response6-8. Hence, histone PTM analysis in cancer samples is important for the identification of novel diagnostic and prognostic biomarkers, as well as potential targets of the so-called epi-drugs8.

Very common methods for the analysis of histone PTMs in cell lines and clinical samples rely on antibody-based techniques, such as immunoblotting, immunohistochemistry, and enzyme-linked immunosorbent assay (ELISA)9. However, antibody-based methods suffer from various limitations, including cross-reactivity or, conversely, epitope masking10 Cross-reactivity occurs when antibodies bind to unintended targets with similar epitopes, leading to potential false positives, while epitope masking refers to the missed detection of a specific epitope (a histone PTM or variant, in this case) due to the presence of other modifications on the neighboring residues. Furthermore, the tissue amount required for histone modification analysis using antibodies is often high, since only a limited number of PTMs can be detected simultaneously, so several tissue slices must be processed for multiplexed analyses11. Mass spectrometry (MS) has emerged as the method of choice for profiling histone PTMs and variants, overcoming the limitations of antibody-based approaches5,8. MS relies on the detection of a difference in mass (Δm, delta mass) between the theoretical and experimentally measured masses of peptides and proteins. It is unbiased, comprehensive, and quantitative, as it allows the identification and quantification of PTMs and variants without requiring a priori knowledge of their site. This makes MS particularly valuable for the sensitive and accurate analysis of histone PTMs changes in cancer and other pathological conditions8. 

Here we describe an optimized protocol for histone extraction from clinical samples, coupled with MS-based profiling of histone PTMs, thereafter referred to as “epi-proteomics” workflow. Patient biopsies are mainly stored as fresh frozen (FF) samples, optimal cutting temperature (OCT) frozen samples, and formalin-fixed paraffin-embedded (FFPE) samples12. While fresh biopsies are snap-frozen in liquid nitrogen or pre-cooled isopentane without the addition of any preservation medium13, OCT-frozen biopsies contain a water-soluble cryoprotective embedding medium, mainly composed of polyvinyl alcohol and polyethylene glycol, that facilitates tissue slicing14. FFPE samples, on the other hand, fixed in formalin and embedded in paraffin, represent the most common storage method for clinical specimens, as they can be stored at room temperature for several years, avoiding costly maintenance at low or ultra-low temperatures15. Being free of preservation additives, snap-frozen biopsies can be directly processed for histone extraction, while OCT-frozen and FFPE biopsies require initial steps of embedding medium/fixative removal. FFPE samples also need extensive protein decrosslinking and antigen retrieval.

This protocol outlines detailed methods for extracting histones from fresh-frozen, OCT-embedded, and FFPE clinical samples, ensuring sufficient quantity and quality for downstream MS analysis by taking into consideration the specific challenges associated with each type of sample preservation (Protocol section 1). Histones purified from clinical samples are separated through protein gel electrophoresis in denaturing conditions (SDS-PAGE), followed by a derivatization step, and enzymatically digested to generate peptides of a suitable length (4-15 amino acids) for bottom-up mass spectrometry analysis16 (Protocol section 2). More specifically, histones are digested with an “ArgC-like” strategy, whereby trypsin, that usually cuts at the C-terminus of unmodified lysines (K) and arginines (R), is induced to cut only at the C-terminus of arginines, due to a previous chemical acylation of unmodified and monomethylated lysines with propionic anhydride (PRO). Next, Arg-C-like digested histone peptides are acylated at their N-terminal tails by the addition of phenyl isocyanate (PIC). This further derivatization increases peptide hydrophobicity and allows better separation of short histone peptides by reverse-phase high-performance liquid chromatography (RP-HPLC), improving the identification and quantification of isobaric peptidoforms17,18 (Protocol section 3). Altogether, the methods described here highlight the power of MS-based histone profiling in cancer epigenetics studies.

PROTOCOL
Fresh frozen and OCT-frozen tissue biopsies were obtained under informed consent from patients undergoing surgery at the European Institute of Oncology (Milan), while FFPE biopsies were obtained from patients undergoing surgery at the Istituto Neurologico Carlo Besta (Milan). This study was approved by the Ethical Committee of the European Institute of Oncology (Study UID 2550) and of the Istituto Neurologico Carlo Besta (Study CET 39/24).

1 Histone extraction from patient-derived tissues (Figure 1A)

NOTE: To analyze histones from representative tumor cell populations and reduce inter-sample variability, it is advisable to use clinical biopsies with a tumor cellularity of at least 50% and devoid of necrotic areas and/or extensive immune infiltration.

1.1 Histone enrichment from fresh frozen tissues (estimated duration: 60 min)

NOTE: All steps must be performed on ice.

1.1.1 Thaw the tissue on ice and cut a piece of approximately 20-30 mg, usually corresponding to about 2 mm³ of tissue.

1.1.2 Transfer the sample to a 1.5 mL tube and mince the tissue into small pieces using scissors (Table of Materials).

1.1.3 Add 1 mL of Nuclei Isolation Buffer (Table of Materials) freshly supplemented with the protease inhibitors listed in Table of Materials. Mix well afterwards.

1.1.4 Transfer the sample to a Dounce homogenizer (Table of Materials). 

NOTE: If big tissue pieces are present, use a p1000 tip (upon cutting the tip with scissors) to better collect the sample.

1.1.5 Homogenize the tissue by using first the LOOSE and then the TIGHT pestle (Table of Materials) until the tissue pieces have become invisible to the naked eye.

1.1.6 Filter the homogenized sample through a 100 μm cell strainer (Table of Materials) to remove the tissue debris. 

1.1.7 Pipette vigorously, up and down, with a p200 to dissolve the plasma membrane and transfer the sample to a new 1.5 mL tube.

1.1.8 Pellet the cell nuclei by centrifugation at 2,300 x g for 15 min at 4 °C using a benchtop centrifuge (Table of Materials).

1.1.9 Discard the supernatant and resuspend the nuclear pellets in 50-100 μL of Nuclei Isolation Buffer, supplemented with 0.1% SDS (Table of Materials) to dissolve the nuclear membrane.

1.1.10 Add 250 U of Benzonase nuclease (Table of Materials) to digest nucleic acids, mix well, and incubate for 2 min at 37 °C.

NOTE: If the sample is still viscous, sonication can also be performed in a water bath (Table of Materials) (setting: 10 min 30s ON/30s OFF; power: high; temperature: 4 °C). After this step, samples can be stored at -20 °C.
 
1.2  Histone enrichment from OCT samples (estimated duration: 90 min)

NOTE: This protocol has been optimized for four/five 10 µm-thick OCT sections corresponding to 20-60 mg of tissue. However, the number of tissue sections depends on the type of clinical biopsy and total tissue area. Considering the scarcity of clinical specimens, extraction from a lower amount of starting tissue can be performed, even though this might result in a decreased detection of histone modifications.

1.2.1 Place four/five 10 μm-thick tissue sections, corresponding to approximately 20-60 mg of tissue, in a 1.5 mL tube. 

1.2.2 Wash the sections with 1 mL of ice-cold 70% EtOH (Table of Materials) for 2 min on a rotating wheel (Table of Materials) at 4 °C.

1.2.3 Centrifuge at 16,000 x g for 2 min at 4 °C in a benchtop centrifuge.

1.2.4 Repeat step 1.2.2 and 1.2.3 for a total of three times.

1.2.5 Rehydrate the samples in 1 mL of double-distilled water (ddH₂O) with rotation (Table of Materials) for 2 min at 4 °C.

1.2.6 Centrifuge at 16,000 x g for 2 min at 4 °C in a benchtop centrifuge (Table of Materials).

1.2.7 Repeat steps 1.2.5 and 1.2.6 twice with 1x PBS (Table of Materials).

1.2.8 Proceed to step 1.1.2 of the enrichment protocol from fresh frozen samples.

1.3 Histone extraction from FFPE samples (estimated duration: 8 h)

NOTE: The described protocol has been developed for four 10 µm-thick FFPE sections corresponding approximately to 20-60 mg of tissue. For most MS analyses of histone modifications, this amount is in excess and represents a safe starting point when the material is not limiting. However, less starting material can also be used, which is particularly relevant considering the often small amount of tissue available when analyzing clinical specimens. The use of less starting material, although feasible, typically reduces the quantification robustness for low-abundant histone modifications (e.g., H3K27ac, or multi-methylated H3K27/K36 peptides), and this effect can vary depending on the tissue type, as well as from sample to sample. Nevertheless, it was previously shown that MS-based histone PTM profiling can be successfully carried out from laser microdissected tissues areas of breast cancer FFPE samples corresponding to as low as 1,000 cells 18.

1.3.1 Place four 10 μm-thick FFPE sections, corresponding to approximately 20-60 mg of tissue, in a 1.5 mL tube. 

1.3.2 Add 1 mL of paraffin dissolving agent (Table of Materials) to the sample and vortex (Table of Materials) at maximum speed for 30 s, until paraffin is completely dissolved. 

CAUTION: Paraffin dissolving reagents are mutagenic, carcinogenic, and inflammable, so they must be used under a chemical hood.

NOTE: Paraffin dissolution is achieved when paraffin pieces are no longer visible by the naked eye, and the paraffin dissolving agent has a whitish, homogeneous color.

1.3.3 Centrifuge 16,000 x g for 3 min at RT in a benchtop centrifuge and discard the supernatant. To avoid undesirable sample aspiration during supernatant removal, cap the vacuum pump/pipettes with a smaller tip (e.g., p200, p10 tips).

1.3.4 Repeat Step 1.3.2 and 1.3.3 three additional times (four times in total) to ensure complete paraffin removal. Alternatively, weigh the completely de-paraffinized sample to have an indicative readout of the amount of tissue processed.

1.3.5 Add 1 mL of 95% EtOH solution (Table of Materials) and vortex at maximum speed for 30 s, to ensure complete tissue resuspension.

1.3.6 Centrifuge 16,000 x g for 3 min at RT in a benchtop centrifuge and discard the supernatant. Alternatively, weigh the dehydrated sample to have an indicative measure of the amount of dry tissue processed.

1.3.7 Repeat step 1.3.5 and 1.3.6 with 70%, 50%, and 20% EtOH (Table of Materials) and ddH₂O to rehydrate the sample.

1.3.8 Add 200 μL of Extraction buffer (Table of Materials). 

NOTE: If larger tissue pieces are present, cut them into smaller pieces with scissors. Depending on the amount of tissue, smaller/greater volumes of extraction buffer can be added to ensure proper sample lysis. For particularly small pellets resuspended in a volume of Extraction buffer lower than 100 μL, sonication can be performed using a sonication device (Table of Materials) (30 s ON/30 s OFF power: high, 10 cycles).

1.3.9 Homogenize the tissue in Extraction buffer by sonication using a digital sonifier (Table of Materials) with a 3 mm microtip (>15 cycles, 5s ON/2 min OFF, power: 15-30%). 

NOTE: Samples can be considered properly homogenized when no visible tissue particles are observed in the solution and the extraction buffer exhibits a uniform, non-turbid color. Keep samples at RT during sonication cycles. Ice may cause precipitation of SDS in the Extraction buffer, thus impairing tissue homogenization. Proper sonication is crucial to achieve complete tissue lysis and protein extraction. Place the microtip at a correct height in the sample tube (it must not touch the bottom of the tube, releasing plastic particles, and it must not be at the air-extraction buffer interface, creating foam and bubbles). 

1.3.10 After homogenization, incubate samples at 95 °C for 45 min in a thermomixer. Every 15 min, open the lid of the tubes to allow formaldehyde to evaporate.

1.3.11 Incubate samples at 65 °C for 4 h in a thermomixer. Open the lid every 20-60 min to allow formaldehyde to evaporate.

1.3.12 Centrifuge for 16,000 x g for 1 min at RT in a benchtop centrifuge and transfer the supernatant into a new tube.

NOTE: Samples can be stored at -20 °C at this point.

2 Histone resolution through SDS-PAGE and in-gel digestion

2.1 SDS-PAGE (Figure 1B) (estimated duration: 2 h)

2.1.1 To assess histone purity and to estimate their quantity, load 1/10 of the histone extracts onto a 17% polyacrylamide gel (SDS-PAGE) (Table of Materials) alongside known amounts of recombinant histones, as illustrated in Figure 1B.

NOTE: Instead of loading 1/10 of histone extracts, 15-50 μg of proteins, as measured by assays that tolerate high detergent concentrations, such as the bicinchoninic acid (BCA) protein assay19, can be loaded. However, please note that histone enrichment over total proteins can vary significantly among fresh frozen, OCT frozen, and FFPE samples, and quantification of histone amount can only be based on SDS-PAGE. 1, 0.5, and 0.25 μg of recombinant histone H3.1 (Table of Materials) can be loaded as a reference to quantify the histone amount more precisely. 

2.1.2 Mix the samples with lithium dodecyl sulphate (LDS) loading buffer (Table of Materials), or with equivalent loading buffers for SDS-PAGE (e.g., Laemmli buffer) with the addition of dithiothreitol (DTT) (Table of Materials) at a final concentration of 10 mM.

2.1.3 Denature samples at 95°C for 5 min in a thermomixer.

2.1.4 After protein separation on the SDS-PAGE, stain the gel with Coomassie staining (Table of Materials).

2.1.5 Estimate histone yield by visual or software-assisted 20 quantification of histone bands in clinical samples compared to recombinant histone H3 loaded at known amounts. 

2.2 Histone in-gel digestion (Figure 2) (estimated duration: 2 days)

NOTE: ArgC-like digestion is employed for MS-analysis of histone PTMs because standard trypsin digestion generates excessively short peptides, due to the high frequency of lysine and arginine amino acids in their sequence, which hampers LC-MS detection of peptides and PTM identification. By chemically modifying lysines, the tryptic cleavage at these sites is prevented, resulting in cleavage at the C-terminus of arginines only, producing longer peptides (4-15 amino acids) that contain modified lysines within the sequence; overall, this protocol  facilitates MS detection and measurement of modified histone peptides and has been thoroughly described in numerous publications8,17,21.

OPTIONAL: An internal standard (e.g., heavy labelled spike-in, synthetically labeled peptides23) can be mixed with histone samples in a 1:1 ratio, to achieve more accurate peptide quantification in MS (Figure 2B). 

2.2.1 Load 3-5 μg of histone sample on a 17% polyacrylamide gel, based on the estimated histone quantification performed in Step 2.1.5 (Figure 2B).

2.2.2 After SDS-PAGE, visualize proteins by staining the gel with Coomassie staining (Table of Materials). 

NOTE: To prevent contamination that may interfere with LC-MS/MS analysis, it is advisable to perform the following steps in a keratin-free environment, such as a dedicated hood, since keratin is a strong MS contaminant.

2.2.3 Excise gel bands corresponding to the molecular weight of core histone proteins (gel band between 10 and 18 kDa, considering the following molecular weight for each core histones: H3 about 17 kDa, H2A-H2B about 14 kDa, H4 about 11 kDa) using a scalpel (Table of Materials) and cut bands in pieces of approximately 1 mm3 each.

2.2.4 With the help of the scalpel, transfer the gel pieces to a 1.5 mL tube.

NOTE: To completely cover the gel pieces, the volumes indicated below can be increased, maintaining the reagent stoichiometry.

2.2.5 Destain the gel pieces by adding a solution of 50% acetonitrile (ACN) in ddH₂O (Table of Materials). Place the tube in a thermomixer that is set at 1,400 rpm for 10 min RT and discard the supernatant afterwards.

2.2.6 Repeat step 2.2.5 until the gel pieces are completely de-stained.

2.2.7 Dehydrate the gel pieces by adding 100% ACN (Table of Materials). Incubate with mixing at 1,400 rpm for 10 min RT and discard the supernatant afterwards.

2.2.8 Repeat Step 2.2.7 until the gel pieces appear white and hard, thus completely dehydrated. 

2.2.9 Dry the gel pieces for 5 min at RT in a vacuum centrifuge (Table of Materials).

NOTE: Histones are poor in cysteines (only two cysteines are found in histone H3 at position 96 and 110 (UniptotKB ID P68431) and only one cysteine is found in histone H2B at position 154 (UniprotKB ID B4DR52)). Additionally, these cysteines are present within peptides not detectable upon ArgC-like digestion in bottom-up MS, so that chemical adducts of thiol groups 22 are not an artefact in MS analysis of histones and no cysteine reduction and alkylation steps are performed in the described protocol. 

2.2.10 Add 15 μL of 7.7 M of propionic anhydride (PRO) solution (Table of Materials) and 26 μL of 1 M ammonium bicarbonate (AmBic) to each tube (Table of Materials) and incubate samples in a thermomixer that is set at 350 rpm for 10 min at 37 °C.

NOTE: Since anhydrides dissolved in a reactive buffer tend to evaporate, do not prepare a master mix of PRO and AmBic, but add them individually to each sample, to maintain constant the proper concentration of PRO in each tube.

2.2.11 Completely cover gel pieces by adding 1 M AmBic (recommended volume: 80 µL) and incubate samples with mixing at 1,400 rpm for 4 h at 37°C in a thermomixer. Remove all the liquid afterwards.

NOTE: 1 M AmBic is added to maintain a basic pH, ideal for catalyzing the propionylation of unmodified and monomethylated lysines by PRO.

2.2.12 Wash three times with ddH₂O, incubating samples in between at RT for 10 min while mixing in a thermomixer at 1,400 rpm. Discard liquid after each wash.

2.2.13 Add 50 % ACN and incubate in a thermomixer at 1,400 rpm for 15 min RT. Discard the liquid afterwards.

2.2.14 Completely dehydrate the gel pieces by adding 100 % ACN and incubate at 1,400 rpm for 15 min at RT in a thermomixer. Discard liquid afterwards. 

2.2.15 Repeat Step 2.2.14 until gel pieces appear white and dry.

2.2.16 Dry the gel pieces 5 min at RT in a vacuum centrifuge.

2.2.17 Add to each sample, 4 μL of trypsin solution (Table of Materials) and 20 μL of Digestion buffer (Table of Materials) and incubate for 10 min on ice to allow trypsin absorption into gel pieces.

NOTE: This incubation carried out with concentrated trypsin solution and Digestion buffer (50 mM AmBic in ddH₂O creating a basic pH ideal for trypsin cleavage), allows the enzyme to be absorbed by the gel pieces prior to its activation at 37°C (Table of Materials).

2.2.18 When concentrated trypsin is completely absorbed, cover the gel pieces thoroughly with additional Digestion buffer (indicative volume: 80 µL) and incubate at 37 °C overnight in a thermomixer.

2.2.19 To extract digested peptides from the gel pieces, add 100 μL of 100% ACN and incubate at 1,400 rpm for 20 min at RT in a thermomixer.

2.2.20 Collect the supernatant and transfer it to a new 1.5 mL tube.

2.2.21 Add 80 μL of 100% ACN to gel pieces and incubate at 1,400 rpm for 10 min RT in a thermomixer.

2.2.22 Collect the supernatant and pool it with that collected in Step 2.2.20. Then, concentrate the peptides in a vacuum centrifuge to a volume between 1 and 5 μL (Table of Materials).

NOTE: The use of a vacuum centrifuge allows the evaporation of the organic solvent (ACN). However, it is recommended not to dry the sample completely at this stage, as this may negatively affect the following derivatization step. If the sample dries out, resuspend it in ddH2O water and sonicate it in a water bath for 5 minutes.

2.2.23 Add ddH₂O to each sample, to a final volume of 15 μL, then add 2 μL of 1 M triethylammonium bicarbonate (Table of Materials) and 3 μL of phenyl isocyanate (PIC) solution (Table of Materials) and incubate at 350 rpm for 90 min at 37 °C in a thermomixer.

CAUTION: PIC is mutagen and carcinogenic, so it is recommended to handle it under a chemical hood. Since PIC is highly reactive and volatile, it is recommended to avoid preparing a master mix of triethylammonium bicarbonate and PIC, but it is advisable to add each reagent individually to ensure the presence of the exact PIC concentration.

2.2.24 Add to each tube 8 μL of 1 % trifluoroacetic acid (TFA) (Table of Materials) to stop the derivatization with PIC.

2.2.25 Dilute each sample with 100 μL of Buffer A (Table of Materials) and load them onto C18 stage tips (prepared as described in reference24 or purchased from different providers).

2.2.26 Spin the samples at 2,100 x g for 10 min at 4 °C in a swing rotor centrifuge to allow histone peptides to bind to the C18 resin.

NOTE: Samples can be stored on Stage tips at 4 °C for several months.               

2.2.27 Add 30 µL of elution buffer (Table of Materials) to C18 Stage Tips and place tips into a new 1.5 mL tube. Spin samples at 1,000 x g for 10 min in a benchtop centrifuge at 4 °C to elute histone peptides.

2.2.28 Concentrate the samples to a volume between 1 and 3 μL using a vacuum centrifuge, then add 1% TFA to reach a final volume of 6 μL.

2.2.29 Load 5 μL of peptide solution into a 96-well microplate for MS analysis (Table of Materials) and seal it with a sealing mat (Table of Materials).

3 HPLC-MS/MS and data analysis (Figure 3)

NOTE: The parameters hereby described are suited for an ESAY-nLC 1200 liquid chromatography system connected through an EASY Spray column to a Q Exactive Plus Orbitrap mass spectrometer (Table of Materials), but similar/equivalent instruments can also be used, with ad hoc parameters.

3.1 HPLC-MS/MS (estimated duration: 90 min per sample)

3.1.1 Inject 3 μL out of the 5 µL histone peptides of step 2.2.29 (corresponding to approximately 0.25-0.8 µg, based on histone quantification by SDS-PAGE) onto a C18 nanocolumn (Table of Materials) at a constant flow of 500 nl/min in Buffer A.

3.1.2 Apply a 55-min linear gradient of 10-45% Buffer B at a flow rate of 250 nL/min to separate peptides.

3.1.3 Acquire the MS/MS data in data-dependent mode (DDA) to automatically switch between MS1 and MS2 using the dedicated software packages (Table of Materials).

NOTE: For acquisition and general settings refer to Table 1.

[Insert here Table 1]

3.2 RAW MS data analysis

NOTE: In this protocol, the quantification of histone PTMs is carried out using EpiProfile, an open script (https://github.com/zfyuan/EpiProfile2.0_Family), user-friendly, and suitable for standard analyses as those described for H3 and H4 lysine methylations and acetylations. However, EpiProfile can be customized to carry out analyses of less standard modifications and upon different sample preparation protocols by more experienced users. Please note that EpiProfile requires a MATLAB license to be run 25. 

3.2.1 Analyze the acquired RAW data with EpiProfile 2.0 software (PRO-PIC version)25 (Table of Materials) and quantify histone peptides by selecting the options “histone_normal”, when analysis is performed in label-free, and “histone_SILAC”, when using the SUPER-SILAC spike-in. Set “ndebug = 0”.

3.2.2 For every histone peptide (e.g., H3_3-8), calculate the relative abundance (%RA) of each modified peptidoform (e.g., H3_3-8 unmod, me1, me2, me3) by dividing its extracted ion chromatogram (XIC) computed by EpiProfile by the sum of all the XICs computed for that peptide.

NOTE: Optionally, XICs computed by EpiProfile can be validated by inspection of MS spectra and manual quantification of histone peptides using dedicated spectra layout as described in 18,26.

3.2.3 For each peptidoform, calculate the light-to heavy (L/H) ratio by dividing the %RA of each native, light peptide by the %RA of the corresponding heavy peptide derived from the SUPER-SILAC mix, spiked-into each sample.

3.2.4 Transform the L/H ratios into logarithmic scale. 

NOTE: To highlight significant differences in peptidoform abundance across samples, statistical analysis can be performed and the L/H ratios across all samples can be visually represented as heatmaps and scatter plot, as represented in Figure 4.

REPRESENTATIVE RESULTS
Histone extraction from fresh frozen and OCT frozen breast cancer samples and from FFPE meningioma samples was performed following the above-mentioned protocol. As illustrated in Figure 1A, for frozen specimens,  OCT was removed when present, and the samples were homogenized in Nuclei isolation buffer containing a mild detergent (0.1% Triton) (Table of Materials) (Method section 1.1), allowing nuclei isolation. Next, histones were extracted with the addition of 0.1% SDS; whereas, FFPE specimens were first deparaffinized, rehydrated and de-crosslinked and then protein extraction was performed in highly denaturing conditions (Extraction buffer contains 2% SDS, see Table of Materials) (Method section 1.3). To assess histone quantity and quality, 1/10 of the nuclear extract for two breast cancer fresh frozen and OCT frozen samples and 1/10 of total protein extract for two meningioma FFPE samples were loaded and separated on a 17% polyacrylamide SDS-PAGE gel alongside with 1, 0.5, and 0.25 μg of recombinant histone H3.1 used as loading reference (Figure 1B).

In fresh frozen and OCT frozen samples, following nuclear isolation, a clear enrichment of histones H2A/H2B, H3, and H4 was observed over other nuclear proteins. Visual and software-assisted quantification based on H3.1 standards indicated H3 yields between 0.25 and 0.5 µg for FF2 and OCT2 and yields inferior to 0.25 µg for FF1 and OCT1 samples. Instead, in FFPE samples, histones were detectable but displayed a lower enrichment over background proteins. Nevertheless, the loading of  1/10 of extract, equivalent to 15–30 µg of total protein, as measured by BCA protein quantification assay, corresponded to approximately 1 µg of histone H3 upon comparison with recombinant H3.1 used as reference. Considering that each core histone is present in two copies in an octamer, 4 µg of core histone proteins were estimated in total (1µg /2 x 8). The representative gel of Figure 1B highlights in lane 1 (FF1) and 3 (OCT1) the possibility to extract histones also from lower starting amounts of fresh frozen and OCT frozen tissue biopsies (< of 20 mg), for which BCA quantification was not performed prior to SDS-page in order to spare precious patient material. 

Histone quantification by MS can be performed using various strategies, among which label-free quantification is the most common27. However, to ensure an accurate quantification in the profiling of histone PTMs in clinical samples, it is advisable to use of a heavy-labeled spike-in, such as a histone SUPER-SILAC mix, as described in reference 28. Hence, as illustrated in the epi-proteomic workflow of Figure 2A, SUPER-SILAC spike-in was added to the extracted native histones, and isolation was performed through SDS-PAGE (Figure 2B). An in-gel digestion was then performed to generate histone peptides of a suitable length (4-15 amino acid) for bottom-up MS. To do so,  propionic anhydride (PRO)29 was added to protect unmodified and monomethylated lysines from trypsin cleavage (Figure 2C). Next, the gel pieces were incubated with trypsin for cleavage at the C-terminal end of arginines (Arg-C like digestion)30 (Figure 2D). To improve the detection of short and hydrophilic peptides, the N-termini of digested histones were derivatized by incubation with phenyl isocyanate (PIC), which increased their hydrophobicity18 (Figure 2E).  

Following digestion, peptides were separated by nano-liquid chromatography and quantified by MS. Section 3.2 provides a brief description of the parameters used in our nanoLC-MS/MS settings (Table 1), acquired in data-dependent acquisition (DDA) mode. In DDA workflows, the most abundant ions are selected and fragmented. This analysis generates two types of spectra: MS1 spectra, which display the m/z values of intact peptides, and MS2 spectra, which show the m/z values of the resulting peptide fragments upon dissociation, which were then matched to the theoretical spectra present in a database31. Figure 3A shows an example of chromatography with the total ion chromatogram (TIC) of a meningioma FFPE sample. Peptides were eluted with a gradient characterized by increasing concentrations of organic solvent (Buffer B), from 10 % up to 45 % for 55 min. Next, MS-based quantification involved the extraction of peaks from the chromatographic profile that correspond to the m/z value and retention time (RT) of the histone peptide of interest, namely the eXtracted Ion Chromatograms (XICs). XICs can be extrapolated by manual analysis or through a dedicated software, EpiProfile 2.0, which performs automatic extraction of peaks and XIC quantification25.  In Figure 3B, XICs for the H3_3-8 and m/z values are displayed. For each histone modified peptide, the area under the curve (AUC) was calculated and the % relative abundance (%RA) was obtained by dividing the AUC of each modified peptide by the sum of the areas of all the observed modified forms of that peptide multiplied by 100 (Figure 3C).  

Analyzed data can be visualized in a heatmap or via scatter plots, displaying Log2-transformed Light (L) to Heavy (H) (L/H) ratios of %RA when a heavy-labeled spike-in is used. The heavy-labeled spike-in standard enables accurate quantification and comparison of histone PTMs across multiple sample types. The method used for histone PTMs analysis from FF, OCT frozen, and FFPE samples allowed robust and systematic quantification of the most common PTMs, including methylations and acetylations of histone H3 and H4 lysines. Figure 4 presents plotted data from our group published in reference32, where a total of 46 modified peptides for histone H3 and 9 for histone H4 were quantified. More specifically, the result of the quantitative analysis performed in this example indicated an increase of H3K27me2K36me2, H3K27me3K36me2, H3K9me3K14ac in cancer tissue compared to normal counterparts, paralleled by the decrease of H3K9K14 unmodified H3K27me2, H3K27me1, H4K20me1. However, the scope of the results displayed here is to illustrate the type of data that can be produced through this protocol, not to unravel specific epigenetic marks distinguishing the two sample groups.

FIGURE AND TABLE LEGEND:
Figure 1. Workflow for histone extraction and quantification from fresh frozen, OCT frozen, and FFPE samples. (A) Scheme of the workflow employed for histone extraction from fresh frozen (FF), OCT-frozen and FFPE samples. (B) 17% SDS-PAGE for quantification of extracted histones from two FF and OCT breast cancer frozen samples (FF1, FF2, OCT1, OCT2 respectively) and two FFPE meningioma samples (FFPE1 and FFPE2), loaded as 1/10 of their extraction volume, alongside a known amount of recombinant histone H3.1 (1, 0.5 and 0.25 µg). 

Figure 2: Workflow for histone in-gel digestion prior to MS analysis. (A) Scheme of the epi-proteomic workflow employed for histone derivatization with propionic anhydride (PRO), in-gel Arg-C-like digestion and N-termini derivatization with PIC solution, prior to LC-MS/MS analysis. (B) 17% SDS-PAGE of 3-5 µg of histones extracted from clinical samples and mixed in a 1:1 ratio with a histone-focused SUPER-SILAC spike-in. A gel band corresponding to the molecular weight of core histone proteins (gel band between 10 and 18 kDa considering the following molecular weight: H3 about 17 kDa, H2A-H2B about 14 kDa, H4 about 11 kDa) is first excised from the gel and then cut into 1mm³ cubes and collected into tubes. (C) Derivatization step with PRO: unmodified and monomethylated histone lysines (K) are chemically acylated with PRO. (D) ArgC-like digestion: histone proteins are cleaved only at the C-terminal end of arginine (R) by trypsin, thus generating peptides of a suitable length for bottom-up MS analysis (4-15 amino acids). (E) Derivatization step with PIC: the N-termini of tryptic peptides are chemically acylated with PIC to increase their hydrophobicity and to improve the retention of short, hydrophilic peptides (e.g. H3_3-8) and their separation by reversed phase liquid chromatography (RP-LC).
       
Figure 3: Representative chromatographic separation and quantification layout of PRO-PIC derivatized histones analyzed by MS. (A) Representative chromatographic separation of histone peptides upon a RP-LC gradient of 55 min from 10 % up to 45 % of buffer B. (B) Extracted Ion Chromatograms (XIC) reconstructed for unmodified, mono-, di-, and tri-methylated H3K4 at their corresponding m/z values, when charge is 2+. (C) % relative abundance (RA) calculation: %RA is determined by dividing the area under the curve (AUC) of each modified peptide by the total AUC of all modified and unmodified forms of that peptide.

Figure 4. Data visualization upon histone PTM quantitation across a sample cohort. (A)Heatmap representation of Log2-transformed light-to-heavy (L/H) ratios of %RA for each differentially modified peptide from core histones H3.1, H3.3. and H4 in normal uvea (n=4) and uveal melanoma tumor (n=24) FF samples. (B) Scatter plot of significantly changing histone PTMs, represented as mean ± standard error of the mean. Data were normalized to the average value across all samples; an unpaired two-tails t-test was performed to highlight significantly different histone PTMs, indicating different p-values of significances (p-value <0.05 = *: p-value <0.01 =**; p-value <0.001=***), corrected for multiple t-test comparisons according to Bonferroni and Šídák method. Red color indicates an increase, while blue color indicates a decrease of the corresponding PTM; yellow color indicates significantly different histone PTMs between normal and tumor FF samples, as represented in (B). The data for this figure is built from reference32 upon a CC-BY 4.0 International License. 

Table 1. List of the Acquisition settings and of the General setting employed for LC-MS/MS with the system used in this protocol. 

DISCUSSION
The method described here provides a simple and robust workflow to efficiently isolate histones from clinical samples stored as fresh frozen, OCT frozen, and FFPE biopsies for the profiling of their modification landscapes by MS analysis. The subsequent sample preparation protocol via SDS-PAGE separation and PRO-PIC in-gel digestion with trypsin ensures effective removal of detergents, salts, and other MS contaminants33 and achieves accurate and robust quantification of histone lysine acetylations and methylations. Importantly, the N-terminal derivatization with phenyl isocyanate (PIC) improves the MS detection of short histone peptides, such as the H4_20-23 peptide and the H3_3-8 peptide17, and can also be used for the analysis of less frequent acylations, such as lysine formylation, crotonylation, succinylation, malonylation, hydroxyisobutyrylation, glutarylation, and lactylation34. Here we show the analysis of the best-characterized and most abundant modifications, namely methylations and acetylations of histones H3 and H4 6. However, for researchers interested in the quantification of other histone PTMs, alternative protocols for lysine and peptide N-terminal-end derivatization have been described, both by us and other research teams29,34-36. Notably, this epi-proteomic workflow can also be used to analyze histone phosphorylation and to detect modifications occurring at histone H2A and H2B, and detect some of the histone variants, histone proteins that differ from canonical histone isoforms by a few amino acid substitutions37, as -for instance- the H3.3 isoform of histone H3, here distinguishable through its peptide 27-40. The H3.3_27-40 peptide is a site of missense mutations associated with cancer38. Indeed, the reported H3.3 K27M/I and H3.3 G34R/V mutations have been shown to influence PTM deposition on K27 of H3.1 as well as on the neighboring K36 and are recognized hallmarks of high-grade gliomas39,40. Similarly, G34W/L (found in giant cell bone cancers)41 and H3.3 K36M (reported in giant cell bone cancers, chondrosarcomas, and head and neck squamous carcinomas) affect PTM deposition on K36, altering the tissue chromatin landscape in cancer patients41.  In addition, the histone extraction protocol can be coupled with classical digestion protocols using trypsin when focusing on the analysis of other PTMs, for example, K ubiquitylation42.

Our biochemical and analytical workflow also has several advantages over other methods: the analytical sensitivity in the nanogram range and the comprehensiveness achieved by MS enable accurate and quantifiable detection of multiple histone PTMs and variants within individual runs, which is especially valuable in the case of low-abundant clinical samples8.  In addition to being suitable for low-abundance samples, our histone enrichment method, based on SDS-PAGE separation, allows for the isolation of histones from nuclear proteins without the need for expensive bead-based techniques43,44 or filter-based approaches45 46.

Upon our enrichment and protein digestion workflow, histones PTMs can also be profiled using a label-free strategy, where no isotopically-labelled spike-in standards are added prior to MS. However, label-free quantitation allows relative comparisons within the same batch of samples but cannot be used to compare different analytical batches, due to inter-run variability in ionization efficiency and peptide intensities. Hence, the spike-in strategy should be preferred, when possible, to run large patient cohorts that may require analysis in different batches over a long period of time. The use of standards can also facilitate the identification and improve the accuracy of the quantification of histone PTMs from low amount/quality primary samples by providing an internal reference47. Notably, EpiProfile (PRO-PIC version) - the peak quantification strategy described here-  takes advantage of a publicly available MATLAB script that can also quantify isotopic-labeled standards25  and can be coupled to other software, thus maximizing the identification of histone PTMs and variants after LC-MS/MS (e.g., MaxQuant search engine48). Here we described a DDA-MS method for analysis of modified histone peptides, where the top “10-12” most abundant ions are selected for fragmentation. However, while effective for common modifications, DDA may introduce intensity biases against less frequent and low-abundant histone PTMs. To address this, targeted and data-independent acquisition (DIA) strategies are emerging as valuable alternatives and may be applied in the future to histone PTM analysis. While  targeted MS methods (such as single-, multiple-, and parallel-reaction monitoring (SRM, MRM, and PRM)) enable high throughput and sensitive analysis of specific peptide ions, they require a priori knowledge of the peptide of interest 49,  in DIA-MS approaches all precursor ions are fragmented within defined m/z windows, minimizing intensity bias and allowing peptide quantification from both MS1 and MS2 scans, thus facilitating the discernment of isobaric and co-eluting peptides 50 .

An important caveat that is worth highlighting is the suboptimal preservation of clinical samples and their very long-term storage, which can affect the yield and/or quality of the extracted histones and, consequently, downstream analyses. In the case of FFPE samples, an increase in chemical lysine formylation and methylation is the most frequent artefact observed after long-term storage in formaldehyde51. In line with this, our group reported an increase of H4 K5 and K12 monomethylation and of H3K79 mono- and di-methylation in FFPE samples stored for >6 years, when compared with matched fresh frozen tissues preserved for the same period of time 52. Hence, to mitigate the introduction of quantification biases, histone PTM associated with possible artifacts in FFPE samples should be excluded from the analysis, unless matched fresh frozen tissues are available for comparisons. Another critical factor resides in the availability of a sufficient amount of tissue, which may be problematic in cases of either early-stage cancers or tumors whose surgical biopsies are challenging, such as brain tumors53 (Method 1.1 and 1.2).To address this issue and minimize the loss of precious patient material during purification steps, the protocol hereby described skips the strong acidic precipitation of protein after nuclei isolation, which is a step for histone enrichment typically suggested in protocols for histone purification from cell lines54. Nevertheless, the use of a nuclei isolation buffer ensures the enrichment of nuclear proteins, among which histones are the most abundant. Lastly, some tissues might also be more resistant to enzymatic digestion or cell lysis (e.g., tissues rich in fats55 or muscle tissues56) and might require some optimization of the homogenization procedures.  Nevertheless, since we have performed this histone extraction protocol on a variety of different cancer tissues (among the others, breast, ovarian, and prostate carcinomas5, glioblastomas57 pheochromocytoma and paraganglioma58, uveal melanoma32), we can confidently assume that the protocols described are applicable to the majority of patient-derived tissues.

Altogether, the MS-based profiling of histone PTMs and variants from primary tumor samples adds a novel molecular layer to cancer characterization and presents opportunities for further technological advancements. Notably, histone MS analysis can be coupled with laser microdissection to profile the epigenetic landscapes of specific tumor cell populations within a tissue, while preserving the spatial information.  We have shown the first successful quantitative profiling of the most common histone PTMs starting from 4.5 x 105 laser microdissected cells belonging to triple negative and luminal A breast cancer biopsies and we have further downscaled this number to laser microdissected tissue areas corresponding to approximately 1,800 cells, profiling histone PTMs from both normal breast epithelial cells and tumor infiltrating lymphocytes (TILs)59 

Overall, in the fast-developing field of clinical epigenetics, MS-based quantitation of histone PTMs and variants offers interesting opportunities to extract multilayered information from primary samples and the method hereby described provides robust and efficient protocols to obtain histone proteins of sufficient quantity and quality for MS characterization. As histone proteins are essential building blocks for cell duplication and regulate a variety of DNA-based processes ranging from transcription, to replication to DNA damage response through their PTMs7,60, we envision that this method will be applied to exciting biological questions related to cancer biology by directly interrogating differently stored patient-derived tissue biopsies.
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